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STUDY OF VIBRATION MEASUREMENT BY LASER METHODS 
h 
t 
By Gail A. Massey 
Sylvania Electronic Systems 
SUMMARY 
A four-month study of laser techniques for detecting and measuring 
vibrations of a spacecraft model on a shake table has been conducted. 
range of vibration amplitudes considered is below one-half inch peak-to-peak 
and the frequencies are from 10 cps to 2000 cps. Eight different systems 
were considered. Three of these use microwave subcarrier amplitude modu- 
lation on the laser beam; 
tected as phase shifts on the demodulated subcarrier signal. 
systems use coherent optical detection in which phase shifts on the optical 
carrier are detected. Two spot projection techniques, in which the angular 
position or interference in the reflected light is used to indicate surface 
movement, were also studied. In addition, an interference mapping technique, 
similar to holography in some respects, was developed. It appears that the 
coherent detection systems may be useful in measuring vibrations down to one 
micron peak amplitude or perhaps less, even on diffusely reflecting surfaces. 
The microwave systems provide the poorest sensitivity. The interference 
mapping system gives a visual indication of surface tilt or gradient of 
normal displacement, and thus can provide a useful map of positions of 
maximum and minimum displacement. Most of the systems were tested experi- 
mentally; This 
report contains a detailed description of each approach, a comparison of the 
relative performances of the various systems, and recommendations for further 
investigation and development of the most promising techniques. 
The 
vibrations of the reflecting surface are de- 
Two other 
results were generally in good agreement with the analysis. 
iv 
. .  
INTRODUCTION 
The purpose of this study has been to investigate methods of using 
the properties of laser radiation for detecting and measuring mechanical 
vibrations. The specific application that has been considered is the 
measurement of displacements on a spacecraft model which is vibrating on 
a shake table, although most of the techniques that have been considered 
are of interest for other uses, such as transducer calibration or precise 
distance measurement. 
For purposes of system analysis, the detection and measurement problem 
has been defined as follows: 
A .  The vibrating object has an extended surface which may be ir- 
regular in shape. Optically the surface may be a specular or 
diffuse reflector, although the diffuse case is of primary in- 
terest because most surfaces will fall into this category. The 
peak-to-peak excursions of the moving surface may be as large 
as one-half inch, and the minimum deflections may be arbitrarily 
small. However, room vibrations and currents of warm or cold air 
moving through the optical path can produce time-varying uncer- 
tainties in the measurements up to a few microns at frequencies 
below 100 cps, implying a lower limit to the vibration amplitudes 
of the order of one micron. In addition to displacement measuring, 
it may be desirable to scan the surface to discover the points of 
maximum deflection. 
B .  The frequency range of the vibrations is 10 cps to 2000 cps. 
Since the spacecraft model is excited by a shake table, most of 
the vibration measurements will be made on surfaces whose motion 
is a sinusoid at a known frequency. Because the resonant fre- 
quencies of large mechanical structures are generally very low, 
the largest excursions would be expected at the lowest frequencies. 
C. The laser system t o  be used should be  reasonably small  and p o r t a b l e .  
E l a b o r a t e  cool ing  systems f o r  t h e  laser o r  o p t i c a l  d e t e c t o r s  a r e  t o  
b e  avoided. Genera l ly  t h e  system w i l l  be l o c a t e d  c l o s e  t o  t h e  
v i b r a t i n g  s u r f a c e ;  t h e  ranges of i n t e r e s t  extend from a few inches  
t o  a few f e e t .  The f a c t  t h a t  t h i s  system i s  t o  be  a measurement 
t o o l  i m p l i e s  t h a t  r e l i a b i l i t y  of o p e r a t i o n ,  s t a b i l i t y ,  and minimum 
maintenance a r e  important  c o n s i d e r a t i o n s .  These requi rements  
C a U L L I L A L I A l y  cl l l l l l l lQLe all t-w l a a e ~  sources  except  t h e  helium-neon 
laser. D e t e c t o r  and modulation c o n s i d e r a t i o n s ,  as w e l l  as s i m p l i c i t y  
of  use,  show t h a t  o p e r a t i o n  i n  t h e  v i s i b l e  spectrum i s  p r e f e r a b l e  t o  
t h e  i n f r a r e d .  
f o r e  taken  t h e  wavelength t o  b e  63282.  
power l e v e l s  have been chosen. I n  t h e  coherent  d e t e c t i o n  systems,  
where s ing le- f requency  o p e r a t i o n  i s  d e s i r a b l e ,  t h e  power leve l  h a s  
been taken  t o  be  0 . 1  m i l l i w a t t .  
i s  taken t o  b e  t h r e e  m i l l i w a t t s ,  which i s  r e a d i l y  obta ined  from 
commercially a v a i l a b l e  u n i t s  less than  two f e e t  long.  The numerical  
c a l c u l a t i o n s  i n  t h e  fo l lowing  s e c t i o n s  are based on a worst-case 
c o n d i t i o n  of a d i f f u s e l y  r e f l e c t i n g  s u r f a c e  p laced  t h r e e  f e e t  from 
a n  o p t i c a l  r e c e i v e r  w i t h  an a p e r t u r e  d iameter  of t h r e e  inches .  
,-.+ 2 -1 1 _ _  -1 2-2 ^^a. - - 7  1 --- 1 - - - - -  
A s  a b a s i s  f o r  comparative c a l c u l a t i o n s ,  w e  have t h e r e -  
Two r e p r e s e n t a t i v e  o u t p u t  
For t h e  o t h e r  systems,  t h e  l eve l  
I n  t h e  s e c t i o n  below, t h e  systems which have been i n v e s t i g a t e d  are des- 
c r i b e d .  C a l c u l a t i o n s  o f  s e n s i t i v i t y ,  d e s c r i p t i o n  of t h e  n e c e s s a r y  components, 
and t h e  r e s u l t s  of  exper imenta l  measurements are inc luded  i n  t h e  d i s c u s s i o n  
of each system. Schematic diagrams of each system, i n d i c a t i n g  t h e  r e q u i r e d  
components, a r e  inc luded .  
performance of t h e  v a r i o u s  techniques ,  and t h o s e  which are s u f f i c i e n t l y  pro- 
mising t o  m e r i t  f u r t h e r  development have been s e l e c t e d .  Appendix A c o n t a i n s  
a d e t a i l e d  d e s c r i p t i o n  of t h e  o p e r a t i n g  p r i n c i p l e s  and c h a r a c t e r i s t i c s  of t h e  
Sylvania  microwave o p t i c a l  modulator.  
two papers  concerned w i t h  l a s e r  s p e c t r a l  c o n t r o l .  These techniques  may u l -  
t i m a t e l y  be  o f  p r a c t i c a l  i n t e r e s t  f o r  systems r e q u i r i n g  l a r g e  o p t i c a l  power 
l e v e l s  f o r  o p e r a t i o n  a t  g r e a t e r  d i s t a n c e s .  
The las t  s e c t i o n  c o n t a i n s  a b r i e f  comparison of t h e  
Appendices B and C are r e p r i n t s  of 
C 
2 
DETECTION TECHNIQUES 
A variety of methods are at hand for utilizing the frequency coherence, 
spatial coherence, or modulation capacity of laser light to measure the com- 
ponents of motion of a moving reflector. For the applications of interest 
to this study, the important components are excursions of a reflecting ele- 
ment normal to the surface and angular deflection or tilt of the reflecting 
element about some axis in the plane of the surface. Methods for detection 
of both types of motion have been analyzed and demonstrated. 
In general the surface motion can be detected by observing its effect 
on the phase or frequency of a high-frequency subcarrier which has been 
amplitude modulated onto the optical carrier, or by observing the phase 
or frequency changes on the reflected optical carrier itself. In addition, 
the surface acts as a source of reflected light which changes its orien- 
tation in space with respect to the optical receiver; hence the angle 
of arrival of reflected light varies with target position and can be de- 
tected. All of the vibration measurement techniques that have been studied 
fit into these general classifications. 
When the subcarrier methods are used, the vibration-induced phase shift 
is proportional to the ratio of the vibration amplitude to the subcarrier 
wavelength. Obviously then, it is desirable to use the highest possible 
subcarrier or modulation frequency at which efficient modulation and de- 
tection can be performed. Using the best state-of-the-art modulators and 
detectors, this frequency is in the microwave range near S-band. For this 
reason, the subcarrier techniques will be referred to as microwave systems. 
When the optical carrier is used, a photodetector alone is not adequate 
to detect frequency changes as small as those produced in this application. 
Some type of optical interference is required to convert optical phase 
variations on the reflected signal into intensity variations (interference 
3 
f r i n g e s )  which t h e  photodevice can d e t e c t .  A r e f e r e n c e  beam from t h e  laser 
t r a n s m i t t e r  may be used t o  produce t h e  i n t e r f e r e n c e  wi th  t h e  incoming s i g n a l  
beam c o l l e c t e d  by t h e  receiver o p t i c s .  I n  such a system, t h e  r e f e r e n c e  beam 
i s  o f t e n  cal led t h e  " l o c a l  o s c i l l a t o r "  beam, us ing  t h e  terminology e s t a b l i s h e d  
f o r  r a d i o  frequency receivers. 
as coherent  d e t e c t i o n .  I f  t h e  f requency of t h e  r e f e r e n c e  o r  l o c a l  o s c i l l a t o r  
beam i s  t h e  same as t h e  t r a n s m i t t e d  s i g n a l ,  t h e  system i s  a coherent  o p t i c a l  
Demodulation us ing  a r e f e r e n c e  beam i s  known 
cr "h---A.*-n1'  -..n+n- T.%-c. eL, C--- . . - - - - .  - C  *LA r-r-rrrnne 
L L V L I I V U Y L I L  U J Y L L L L L .  11115.11 L11C L L S ~ U S L L C Y  V L  L11S L S l . C A G . ) L C C  
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i s  s h i f t e d  w i t h  r e s p e c t  t o  t h e  t r a n s m i t t e d  wavelength,  an e l ec t r i ca l  b e a t  
i s  produced by t h e  square-law p h o t o d e t e c t o r  a t  t h e  d i f f e r e n c e ,  o r  i n t e r m e d i a t e ,  
f requency between t h e  two beams. 
t e c t o r  o r  coherent  o p t i c a l  i n t e r m e d i a t e  f requency system. Obviously,  t h e  
coherent  phase d e t e c t o r  o r  homodyne i s  a s p e c i a l  case of heterodyne d e t e c t i o n  
wi th  t h e  i n t e r m e d i a t e  f requency ( I F )  e q u a l  t o  ze ro .  
Such a system i s  c a l l e d  a "heterodyne" de- 
I f  t h e  photodetec tor  i n  t h e  o p t i c a l  homodyne is  r e p l a c e d  by an extended 
photographic  p l a t e  of s u f f i c i e n t l y  h i g h  r e s o l u t i o n  and t h e  r e c e i v e r  o p t i c s  
are removed, the i n t e r f e r e n c e  f r i n g e s  produced by t h e  r e f l e c t e d  l i g h t  and 
r e f e r e n c e  beam can be recorded ,  provided t h e  r e f l e c t i n g  s u r f a c e  i s  n e a r l y  
s t a t i o n a r y  during t h e  exposure.  Such a photographic  r e c o r d i n g  i s  c a l l e d  a 
hologram, and the  developed n e g a t i v e  can be  used t o  r e c o n s t r u c t  a t h r e e -  
dimensional  image  of t h e  s u r f a c e .  It should b e  emphasized t h a t  a r e f e r e n c e  
beam is  used i n  making t h e  hologram. I f  t h e  s u r f a c e  is a d i f f u s e  r e f l e c t o r ,  
i n t e r f e r e n c e  can t a k e  p l a c e  even wi thout  a r e f e r e n c e  beam. This  s e l f -  
i n t e r f e r e n c e  produces t h e  well-known ' ' sparkle  p a t t e r n s ' '  which always appear  
i n  d i f f u s e l y  r e f l e c t e d  laser l i g h t .  These p a t t e r n s  are s imply r e l a t e d  t o  
t h e  s u r f a c e  p o s i t i o n ,  and are t h e  b a s i s  f o r  t h e  i n t e r f e r e n c e  displacement  
mapping technique. 
4 
4 
. .  
Microwave S u b c a r r i e r  Systems 
t 
Three d i f f e r e n t  microwave s u b c a r r i e r  systems have been analyzed.  
of them u s e s  a n  e l e c t r o - o p t i c  amplitude modulator t o  vary  t h e  i n t e n s i t y  of 
t h e  t r a n s m i t t e d  laser  beam a t  a microwave rate. 
a f r a c t i o n ,  M ,  of t h e  l i g h t  i n t e n s i t y  i s  modulated. 
t i o n s  r e p r e s e n t  a s u b c a r r i e r  envelope on t h e  o p t i c a l  carrier; 
d e t e c t e d  by a p h o t o d e t e c t o r  which has good enough h igh  frequency performance 
t o  respond t o  i n t e n s i t y  v a r i a t i o n s  a t  t h e  s u b c a r r i e r  f requency.  
modulated l i g h t  is  r e f l e c t e d  from t h e  moving s u r f a c e ,  t h e  phase of t h e  sub- 
carrier envelope w i l l  vary  wi th  time accord ing  t o  t h e  express ion:  
Each 
I n  p r a c t i c a l  d e v i c e s ,  only 
These i n t e n s i t y  varia- 
they  can be 
When t h e  
4nx0 
sinw t r 9 ( t )  = - m x 
where x is  t h e  zero-to-peak v i b r a t i o n  ampli tude,  w i s  t h e  v i b r a t i o n  
frequency,  and Am i s  t h e  microwave s u b c a r r i e r  wavelength.  
f requency of 3 Gc/second, h i s  10 c e n t i m e t e r s ;  t h u s  t h e  peak phase de- 
v i a t i o n  f o r  s m a l l  v i b r a t i o n s  i s  much less t h a n  one r a d i a n .  The informat ion  
about t h e  v i b r a t i o n  s t a t e  of t h e  s u r f a c e  appears  on t h e  r e f l e c t e d  l i g h t  i n  
t h e  s u b c a r r i e r  s idebands produced by t h e  t ime-varying phase changes. 
s m a l l  peak phase d e v i a t i o n s ,  which are always o f  i n t e r e s t  i n  determining 
t h e  maximum s e n s i t i v i t y  of a given system, only t h e  first two s idebands are 
s i g n i f i c a n t  ( t h e  exac t  e x p r e s s i o n  gives a n  i n f i n i t e  set of  s idebands wi th  
bessel  f u n c t i o n  ampl i tudes ,  most of which are n e g l i g i b l y  s m a l l ) .  I n  t h a t  
c a s e ,  t h e  r e f l e c t e d  spectrum of l i g h t  i n t e n s i t y  i s  g iven  by t h e  approximation: 
0 r 
For  a s u b c a r r i e r  
m 
For 
p = -  (unmodulated l i g h t )  2 
sinw t ( s u b c a r r i e r )  + -  MPO 2 m 
m 
5 
where w i s  t h e  microwave s i g n a l ,  M i s  t h e  modulation index of t h e  i n c i d e n t  
l i g h t ,  and Po is t h e  r e f l e c t e d  power. 
simply t h e  maximum range of v i b r a t i o n  f r e q u e n c i e s  t o  be  measured. Thus 
any u s a b l e  microwave system must be  a b l e  t o  d e t e c t  t h e  s ideband ampl i tudes  
i n  t h e  presence of receiver n o i s e  i n t e g r a t e d  over  t h e  r e q u i r e d  bandwidth. 
It should b e  noted t h a t  t h e  above express ion  is  f o r  o p t i c a l  power; t h e  
demodulated power spectral  components i n  t h e  e lec t r ica l  c i r c u i t s  w i l l  be  
p r o p o r t i o n a l  t o  t h e  s q u a r e s  of t h e  i n d i v i d u a l  telln-s ir! the eq~zticr!  ~ h c v e :  
This  i s  important because s igna l - to-noise  r a t i o s  are u s u a l l y  expressed  as 
e l e c t r i c a l  q u a n t i t i e s  which are d i r e c t l y  measurable.  
m 
The necessary  receiver bandwidth i s  
The e l ec t r i ca l  n o i s e  power s u p p l i e d  by a photodetec tor  i n t o  t h e  f i r s t  
s t a g e  of  t h e  r e c e i v e r  a m p l i f i e r  can be  r e p r e s e n t e d  by: 
2 P = FkTB + 2eIoB(n R ) 
n eq 
where 
F =  
1. = 
T =  
B =  
e =  
- 
I o  - 
n =  
R =  
eq 
f r o n t  end n o i s e  f i g u r e  
Boltzmann's c o n s t a n t  
a b s o l u t e  tempera ture  
r e c e i v e r  bandwidth 
e l e c t r o n  charge  
average photocurren t  from a l l  powers 
c u r r e n t  m u l t i p l i c a t i o n ,  i f  any,  i n  t h e  d e t e c t o r  
equiva len t  d e t e c t o r  o u t p u t  impedance. 
The f i r s t  term above is  unavoidable ,  b u t  t h e  second,  o r  s h o t  n o i s e  component, 
is determined by d a r k  c u r r e n t  i n  t h e  d e t e c t o r  p l u s  t h e  o p t i c a l  s ignal- induced 
p h o t o c u r r e n t .  In d e t e c t o r s  wi thout  m u l t i p l i c a t i o n ,  such as semiconductor 
d i o d e s ,  t h e  thermal n o i s e  w i l l  predominate a t  low l i g h t  l eve ls .  For l a r g e  
l i g h t  l e v e l s ,  o r  f o r  s u b s t a n t i a l  m u l t i p l i c a t i o n  f a c t o r s ,  t h e  s h o t  n o i s e  may 
be  l a r g e r .  
which i s  t h e  minimum d e t e c t a b l e  o p t i c a l  i n p u t  f o r  a g i v e n  d e t e c t o r  and 
bandwidth. 
Often d e t e c t o r s  are r a t e d  by t h e i r  n o i s e  e q u i v a l e n t  power (NEP) ,  
6 
4 .  
The other characteristic of interest for a given photodetector is its 
response to an optical signal. Photodetectors are square-law devices; 
that is, the photocurrent I is linearly related to the input optical 
power P :  
Here S is the response of the detector in amperes per watt, q is the 
quantum efficiency, h is Planck's constant, and v is the optical fre- 
quency. The electrical signal power out of the detector is given by: 
2 2  P = 1/2is (n R ) 
S eq 
where i is the peak photocurrent induced by an alternating optical input 
signal power. 
S 
From the relations above, the performance of the various systems can 
easily be evaluated. 
Direct Phase Detection System. - This approach is the simplest micro- 
wave technique and has been demonstrated experimentally during this program. 
The system is shown schematically in Figure 1. The subcarrier is recovered 
after reflection by the photodetector, which might be a tube or solid state 
diode. 
output impedances of only a few hundred ohms at best. 
quantum efficiencies can approach unity. For comparison, the Sylvania 
multiplier-traveling-wave phototube has a (n R ) product of 6 x 10 ohms, 
representing a large current multiplication, with a photocathode quantum 
efficiency about 10 . Since the figure of merit is q (n R ) ,  the present 
tube is somewhat better than the best diode. 
photocathodes than the presently available S-1 type is possible; 
it is likely that tube performance will continue to improve. 
The diode has the disadvantages of no multiplication and effective 
However, solid state 
2 9 
eq 
-3  2 2  
eq 
Development of different 
thus 
The tube 
7 
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r, 
w a s  used i n  t h i s  s tudy  both  a s  a b a s i s  f o r  c a l c u l a t i o n s  and as a p a r t  
of t h e  exper imenta l  work. 
The low-noise traveling-wave a m p l i f i e r  and t u n n e l  d iode  l i m i t e r  are 
r e q u i r e d  t o  suppres s  low-frequency ampl i tude  f l u c t u a t i o n s  on t h e  r ece ived  
s i g n a l  due t o  s u r f a c e  t i l t ,  laser ampl i tude  f l u c t u a t i o n s ,  and o t h e r  e f f e c t s .  
The balanced mixer f u r t h e r  r e j e c t s  ampl i tude  modulation on e i t h e r  of t h e  
microwave i n p u t  s i g n a l s .  
The v o l t a g e  t u n a b l e  magnetron w a s  chosen as t h e  microwave e x c i t e r  
f o r  t h e  o p t i c a l  modulator.  The modulator power requirement is  between 
one and two w a t t s  cw. Th i s  might b e  tuned by a se rvo-con t ro l  system, n o t  
shown i n  F igu re  1, t o  fo l low t h e  20 Mc/sec d r i f t  i n  modulator r e sonan t  
frequency du r ing  warmup. Such a servo-system would i n c l u d e  a s e n s o r  
p l aced  i n  o r  nea r  t h e  modulator c a v i t y  t o  sample t h e  phase and ampl i tude  
of t h e  c a v i t y  f i e l d .  T h i s  s i g n a l  would be  processed  by narrow-band 
e l e c t r o n i c s  t o  d e r i v e  t h e  tun ing  v o l t a g e  needed t o  make t h e  o s c i l l a t o r  
t r a c k  t h e  c a v i t y  resonance .  
c o n s t r u c t  such a c o n t r o l  system, b u t  t h i s  could  be  done i f  manual t r a c k i n g  
of t h e  g e n e r a t o r  i s  u n d e s i r a b l e .  
N o  a t t empt  w a s  made du r ing  t h i s  s tudy  t o  
The d i r e c t i o n a l  coup le r ,  a t t e n u a t o r ,  and v a r i a b l e  phase s h i f t e r  pro- 
v i d e  t h e  r e f e r e n c e  o r  l o c a l  o s c i l l a t o r  s i g n a l  t o  t h e  balanced mixer a t  
t h e  p rope r  phase and ampl i tude  f o r  phase q u a d r a t u r e  de tec t ion , .  
q u i r e d  l o c a l  o s c i l l a t o r  power l e v e l  is  about 10 m i l l i w a t t s  i n t o  t h e  mixer. 
I t  has  been found exper imenta l ly  t h a t  t h e  phase  ad jus tment  can be  set  
simply by maximizing t h e  output  aud io  s i g n a l  w h i l e  measuring a s u r f a c e  
v i b r a t i o n  of c o n s t a n t  amplitude.  
The re- 
Mixing t h e  microwave s i g n a l s  d i r e c t l y  t o  an  aud io  d i f f e r e n c e  degrades  
t h e  mixer n o i s e  f i g u r e  t o  about 10 db. 
of t h e  p r e s e n t  system because cons ide rab le  a m p l i f i c a t i o n  and dynamic range 
compression precedes  t h e  mixer s t a g e  i n  t h e  s i g n a l  channel .  Even wi thout  
Th i s  does n o t  a f f e c t  performance 
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the excess (shot) noise from the photodetector, the microwave noise figure 
would be determined by the traveling-wave amplifier at the front end. A s  
will be shown below, the microwave components function essentially as an 
ideal receiver, and limitations to this system are imposed by optical 
considerations. 
Using the sideband analysis above, and the expressions for detector 
",df,n..t n4,-..-...l m e - 1  ^ A d - -  L L -  
u 1 6 L l a l  U V L D C ,  L L I ~  d s i e c i i u r l  signai-to-noise ratio is seen to be: 
S 
Here Po is the laser output power, p is the surface reflectance, and 
K is the geometrical fraction of the transmitted light reflected into 
the receiver. For specular surfaces K might equal unity, but for 
diffuse reflectors K is given by: 
r 
r 
r 
2 - d cos8 
4D 
- 
Kr 
r 
where d is the receiver diameter, D is the distance from receiver to 
surface, and 8 is the angle the receiver makes with respect to the sur- 
face normal (usually cos e is approximately unity). 
By setting SIN = 1 we can solve for the minimum detectable vibration 
amp 1 it ude xo, which is: 
[2FkTB + 2eB E (pPoKr)(n2Req)]' 
x (min) = npMPOKr 
hw rle x (n ~ ~ ~ 1 %  
0 - 
m 
f .  
If we choose the typical values for the various parameters given below, 
we can obtain a numerical sensitivity. 
Let: 
Po = 3 milliwatts 
M = 0.1 
4 B = 10 cps 
kT = 4.1 x joule 
F = 3  
= 10 centimeters 'm 
q = 6 x electrons per photon 
e/hu = 0.5 coulomb per joule (wavelength = 63282) 
K = 1.7 x (diffuse reflector) r 
p = 0 .1  
2 9 n R = 10 ohms. 
eq 
Then from the above, x (min) 
system is 1 . 8  millimeters. 
tected by the unaided eye; 
be practical at such a bandwidth for measuring diffusely reflecting surfaces. 
for the microwave direct phase detection 0 
Such a large excursion could easily be de- 
thus it is unlikely that this system would 
The experimental setup used in the tests differed from this analytical 
model only in that the surface was an aluminized mirror. The measured 
carrier-to-noise ratio was about 30 db using a spectrum analyzer receiver 
with B = 10 cps. When the mixer and audio stages were employed, and the 
microwave phase was properly adjusted, vibrations of one millimeter were 
readily measured using a tunable voltmeter and were clearly audible in a 
monitor headset. It was found that the limiter was essential to the 
elimination of large spurious AM signals due to surface tilt. To sum- 
marize, the system behaved as expected with the specular surface, with 
usable sensitivities down to a few thousandths of an inch or less. 
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In te rmedia te  Frequency D e t e c t i o n  System. - T h i s  technique  i s  i l l u s -  
t r a t e d  schemat ica l ly  i n  F igure  2 .  The r e c e i v e r  p o r t i o n  of t h i s  system 
d i f f e r s  from the one above because t h e  l o c a l  o s c i l l a t o r  s i g n a l  t o  t h e  
microwave mixer has  been s h i f t e d  i n  f requency by approximately 160 Mc/sec. 
T h i s  i s  t h e  purpose of t h e  i n t e r m e d i a t e  frequency ( I F )  g e n e r a t o r  and 
s ideband f i l t e r .  The microwave mixer produces a b e a t  f requency n e a r  160 Mc 
when a s i g n a l  is p r e s e n t .  A second mixer ,  known as a phase d e t e c t o r ,  i s  
vised tc damcd~la te  t h e  p h s e  muduiation produced on t h e  I F  by t h e  s u r f a c e  
motion. Thus t h e  mixing down t o  audio  i s  done i n  two s t e p s .  T h i s  improves 
t h e  mixer noise  f i g u r e s ,  and w i t h  l i m i t i n g  i n  t h e  I F  a m p l i f i e r  i t  might be  
p o s s i b l e  t o  opera te  t h e  phototube d i r e c t l y  i n t o  t h e  f i r s t  mixer.  
o u t  i n  t h e  previous s e c t i o n ,  t h e  mixer  n o i s e  i s  n e g l i g i b l e  anyway, SO t h a t  
t h e  a d d i t i o n a l  complexity of t h i s  approach appears  unnecessary.  
A s  p o i n t e d  
S e n s i t i v i t y  i s  t h e  same as f o r  t h e  Direct Microwave Phase D e t e c t o r  
analyzed above. 
Double Modulation System. - The fundamental  l i m i t a t i o n  i n  performance 
of t h e  systems above i s  imposed by t h e  low quantum e f f i c i e n c y  of t h e  micro- 
wave phototube.  
t e s t e d  exper imenta l ly .  It is  i l l u s t r a t e d  i n  F i g u r e  3 .  Here t h e  phase 
demodulation i s  done n o t  wi th  a h i g h  frequency d e t e c t o r  b u t  w i t h  a g a t e d  
receiver and low frequency d e t e c t o r .  
accomplished by p a s s i n g  t h e  r e f l e c t e d  l i g h t  back through t h e  microwave 
o p t i c a l  modulator.  A p a r t i a l  m i r r o r  o r  ca l c i t e  pr ism and quarter-wave 
p l a t e  might be  used t o  a l l o w  t r a n s m i s s i o n  and r e c e p t i o n  through t h e  same 
o p t i c a l  system. 
quency i n t e n s i t y  v a r i a t i o n s  cor responding  t o  t h e  s u b c a r r i e r  phase s h i f t s  
produced by t h e  v i b r a t i o n .  
a v a i l a b l e  a t  these  f r e q u e n c i e s .  
A method which avoids  t h i s  problem h a s  been analyzed and 
Gat ing of  t h e  microwave ra te  i s  
The remodulated s i g n a l  i n  t h i s  case w i l l  have audio  fre- 
E f f i c i e n t ,  low n o i s e  photo tubes  and d i o d e s  are 
With t h e  e x t e r n a l  o p t i c a l  p a t h  a d j u s t e d  so  t h a t  t h e  second modulat ion 
0 occurs  90 o u t  of phase w i t h  t h e  f i r s t  one,  t h e  d e t e c t e d  o p t i c a l  power i s  
1 2  
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of t h e  form: 
s i n w  t] 0 = P r [ l  + M A
2lTx 
m 
2 P 
V 
where Pr is  t h e  average  power reaching t h e  pho tode tec to r .  A t  t h e s e  
f r equenc ie s  d e t e c t o r  n o i s e  i s  s p e c i f i e d  by NEP, which may be  10 
for a s i l i c o n  d iode  and 10 w a t t s  f o r  a ve ry  good (S-20) m u l t i p l i e r  
phototube.  S u b s t i t u t i n g  NEP f o r  the  thermal  n o i s e  i n  t h e  s igna l - to-noise  
expres s ion ,  w e  have: 
-9 w a t t s  
-11 
S 
N 
-
2 2  4e KrPOSB + 2(NEP) S 
where S i s  t h e  d e t e c t o r  response i n  amperes p e r  w a t t .  
So lv ing  fo r  t h e  minimum xn:  .. 4 
Am[4epKrPOSB + 2 (NEP) 2S2] 
x (min) = 0 2?TMKr p Po s 
Taking 
t h e  d iode ,  a c a l c u l a t i o n  shows’ tha t  t h e  tube  is  s h o t  n o i s e  l i m i t e d  and 
x (min) = 0 . l l m i l l i m e t e r s  u s ing  the  same cho ice  of parameters  as f o r  
t h e  o t h e r  microwave systems. For t h e  d iode  t h e  (NEP) term is dominant, 
and t h e  minimum measurable  displacement  is  about  5 m i l l i m e t e r .  This  i s  
somewhat b e t t e r  t han  t h e  expected s e n s i t i v i t i e s  of t h e  o t h e r  s u b c a r r i e r  
systems.  
S = 0.025 amperes/watt  f o r  t h e  tube  and 0.25 amperes/watt  f o r  
0 
Tests of t h i s  d e t e c t i o n  system w e r e  made i n  t h e  l a b o r a t o r y ,  both 
a t  1 . 5  Gc and a t  2 . 4  Gc. Two f r equenc ie s  were t r i e d  because t h e  modu- 
l a t i o n  index a v a i l a b l e  a t  L-band is  about 50% l a r g e r  than  a t  S-band. 
The tests r evea led  an important  de fec t  i n  t h i s  system which had been 
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suspec ted  from t h e  a n a l y t i c a l  r e s u l t s  a l s o .  
d e t e c t  t h e  phase s h i f t  on t h e  s u b c a r r i e r  because of t h e  l a r g e  s p u r i o u s  
ampl i tude  f l u c t u a t i o n s  due t o  s u r f a c e  t i l t .  This  was t r u e  even when 
t h e  v i b r a t i n g  m i r r o r  was p laced  a t  t h e  f o c a l  p o i n t  of a l e n s ,  an o p t i -  
ca l  geometry which minimizes t h e  angu la r  s e n s i t i v i t y .  There are two 
fundamental reasons f o r  t h i s  problem. From t h e  expres s ion  g iven  above 
f o r  t h e  s u b c a r r i e r  demodulated o p t i c a l  power, i t  i s  appa ren t  t h a t  t h e  
muciuiaied. por t ion  or' che i i g n t  reacning  t h e  d e t e c t o r  i s  a ve ry  small 
2 f r a c t i o n  of the t o t a l  l e v e l ,  s i n c e  M is about Thus any s u b s t a n t i a l  
ampl i tude  change due t o  laser n o i s e  o r  r e f l e c t e d  beam d e f l e c t i o n  w i l l  
overcome t h e  d e s i r e d  s i g n a l .  The second reason  i s  t h a t  t h e  s u b c a r r i e r  
demodulation t o  aud io  is  done o p t i c a l l y ;  t h u s  i t  i s  n o t  p o s s i b l e  t o  
use  l i m i t i n g  t o  remove t h e  l a r g e  ampl i tude  v a r i a t i o n s  b e f o r e  d e t e c t i o n .  
For t h i s  reason i t  i s  d o u b t f u l  t h a t  t h i s  system could  be used t o  i t s  
t h e o r e t i c a l  l i m i t  of performance even i f  t h e  modulator were improved 
t o  make M almost u n i t y .  I f  t h i s  problem could  somehow b e  e l i m i n a t e d ,  
t h e  double-modulation system would real ize  t h e  advantage of r e q u i r i n g  
no microwave r e c e i v e r  components and could make use  of t h e  b e s t  p o s s i b l e  
o p t i c a l  d e t e c t o r s .  
It was no t  p o s s i b l e  t o  
Coherent O p t i c a l  De tec t ion  Methods 
The v ibra t ion- induced  phase s h i f t s  on t h e  o p t i c a l  carrier can be  
c o h e r e n t l y  demodulated by combining t h e  s i g n a l  beam w i t h  a l o c a l  o s c i l -  
l a t o r  beam which a c t s  as a phase r e f e r e n c e .  
a l i g n e d  and a r e  i n c i d e n t  on an  o p t i c a l  d e t e c t o r ,  t h e  o u t p u t  c u r r e n t  i s  
p r o p o r t i o n a l  t o  t h e  squa re  of t h e  t o t a l  i n c i d e n t  e l ec t r i c  f i e l d .  Th i s  
c u r r e n t  may be w r i t t e n :  
When b o t h  beams are p r o p e r l y  
where ILo i s  t h e  d i r e c t  c u r r e n t  t h a t  would b e  produced by t h e  o p t i c a l  
16 
"A 
J . .  
is t h e  d i r e c t  c u r r e n t  due t o  s i g n a l  
'SIG 
l o c a l  o s c i l l a t o r  f i e l d  o n l y ,  
* a lone ,  w and +Lo are t h e  frequency and phase of t h e  l o c a l  o s c i l l a t o r ,  
LO 
are frequency and phase f o r  t h e  s i g n a l  wave. C l e a r l y  S I G  and +SIG and w 
t h e  f i r s t  two terms r e p r e s e n t  t h e  average c u r r e n t  l e v e l ,  which c o n t r i b u t e s  < 
only s h o t  n o i s e  i n  t h e  frequency range of i n t e r e s t .  
whose rms v a l u e  is  4 
p r e s e n t s  t h e  he te rodyne  o r  homodyne s i g n a l .  
l a t o r  c u r r e n t  i s  much l a r g e r  than  the  s i g n a l ,  s o  t h a t  sho t  n o i s e  from t h e  
LO c u r r e n t  i s  t h e  dominant receiver n o i s e .  A s  ILo i s  inc reased  t h e  
The cos ine  term, 
i s  t h e  b e a t  f requency output  and re- 'LO ISIG, 
O r d i n a r i l y  t h e  l o c a l  o s c i l -  
b e a t  f requency ampli tude and t h e  shot  n o i s e  c u r r e n t  42eILOB i n c r e a s e  
t o g e t h e r .  Thus f o r  l a r g e  ILo: 
ISIG - =  S ILO'SIG = -  
N 2eILOB eB 
This  r e p r e s e n t s  i d e a l  r e c e i v e r  performance. R e l a t i n g  ISIG t o  t h e  
o p t i c a l  s i g n a l  i npu t  power g ives  'SIG 
e - 
ISIG - Q h~ 'SIG 
'SIG o r  S/N = rl - hvB 
The minimum d e t e c t a b l e  power i s  found by l e t t i n g  S / N  = 1: 
1 (min) = - hvB 
'SIG rl 
4 
For an  i d e a l  d e t e c t o r  w i t h  rl = 1 a t  6328g wi th  B = 10 cps:  
-19 PSIG(min) = 3.2 x 10 x l o4  = 3.2 x w a t t s .  
This  ve ry  s m a l l  power l e v e l  i n d i c a t e s  t h e  s e n s i t i v i t y  of coherent  
d e t e c t i o n .  I t  should a l s o  be noted t h a t  a t o t a l  s u r f a c e  motion of 
on ly  112 o p t i c a l  wavelength changes t h e  o p t i c a l  phase ,  and thus  t h e  
1 7  
t 
, .  
b e a t  f requency phase ,  by 271 r a d i a n s .  T h i s  r e p r e s e n t s  a l a r g e  phase 
modulat ion;  hence t h e  minimum power d e r i v e d  above i s  a l s o  approxi-  
mately t h e  minimum t h a t  i s  r e q u i r e d  t o  a l l o w  measurement of d e f l e c t i o n s  
as s m a l l  as 32002, o r  3.2 x c e n t i m e t e r s .  For l a r g e  d isp lacements  
changes through many c y c l e s  away from i t s  average v a l u e  because 
The maximum s h i f t  
%IG 
of  t h e  l a r g e  Doppler s h i f t  on t h e  r e f l e c t e d  l i g h t .  
i s  g iven  by 
f r '  f o r  a s i n u s o i d a l  v i b r a t i o n  of peak ampli tude 
measured wi th  l a s e r  r a d i a t i o n  of wavelength X I f  t h e  maximum 
peak-to-peak excursion i s  1 / 2  inch  a t  10  c p s ,  t h e  maximum Doppler 
s h i f t  away from t h e  average b e a t  f requency i s  approximately 1 . 3  mega- 
c y c l e s  p e r  second. Thus t h e  d e t e c t o r  must have good enough frequency 
response  t o  provide a 1.3 Mc bandwidth i f  u = 
of 2 .6  Mc i f  i s  a d j u s t e d  t o  produce an i n t e r m e d i a t e  f r e -  
quency b e a t  w e l l  above 1 . 3  Mc. Ample frequency response  f o r  e i t h e r  
case i s  provided by a l l  convent iona l  m u l t i p l i e r  photo tubes  and some 
photodiodes.  Since r e l a t i v e l y  s m a l l  l o c a l  o s c i l l a t o r  powers are re- 
q u i r e d  f o r  i d e a l  shot-noise- l imited o p e r a t i o n  i n  m u l t i p l i e r  photo tubes ,  
and because t h e  dynode s t r u c t u r e  i n  such d e v i c e s  p r o v i d e s  h igh  g a i n  
wi th  uniform frequency response ,  t h e  t u b e s  may be  p r e f e r a b l e  t o  t h e  
d i o d e s ,  even though rl = 0.05 f o r  a n  S-20 ca thode  and 
good s i l i c o n  diode. 
xo,  f requency 
0 '  
o r  a bandwidth SIG' LO iJJ 
(wLo - uSIG) 
rl = 0.5 f o r  a 
For d e f l e c t i o n s  much less t h a n  
ho 
a n  a n a l y s i s  s i m i l a r  t o  t h a t  
used i n  t h e  microwave s u b c a r r i e r  cases can b e  a p p l i e d .  The f r a c t i o n  
of power i n  t h e  phase-modulated s idebands  must b e  g r e a t e r  t h a n  t h e  n o i s e .  
I f  t h e  phase o r  f requency of t h e  l o c a l  o s c i l l a t o r  beam i s  a d j u s t e d  so 
as t o  permit  demodulation of t h e s e  s idebands ,  t hen :  
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h O  -$ 
x (rnin) = - ( S / N )  
0 211 
E 
where (S /N)  i s  t h e  s i g n a l  t o  n o i s e  r a t i o  f o r  
o r  
S i n c  
x (min) = 0 
11 of t h i s  a n a l y s i s  i s  based o a s i n  
t h e  unmodulated ca r r i e r ,  
le-f  requ 2y 1 ser,  t h e  
e f f e c t s  of o p e r a t i o n  i n  s e v e r a l  f r e q u e n c i e s ,  which is o f t e n  t h e  case 
f o r  moderate and high power lasers,  have t o  b e  inc luded  i n  a d d i t i o n .  
The pr imary e f f e c t  i s  t o  produce over lapping  b e a t  components a t  t h e  
I F  frequency,  one f o r  each  l a s e r  mode. The phase of each  component 
depends on t h e  o p t i c a l  p a t h  t o  t h e  s u r f a c e ,  and s i n c e  t h e  modes d i f f e r  
i n  f requency by 100 t o  500 Mclsec, t h e  over lapping  b e a t  components 
change i n  re la t ive  phase w i t h  every few i n c h e s  of a d d i t i o n a l  o p t i c a l  
p a t h l e n g t h .  The r e s u l t  i s  t h a t  t h e  observed n e t  b e a t  s i g n a l  is  s m a l l  
f o r  most d i s t a n c e s  but  p e r i o d i c a l l y  becomes as l a r g e  as i f  t h e  l a s e r  
w e r e  a c t u a l l y  monochromatic. These m u l t i p l e  l o c a t i o n s  of  t h e  s u r f a c e  
f o r  maximum s i g n a l  are spaced e x a c t l y  one laser cavi ty- length  a p a r t .  
The s u r f a c e  must b e  w i t h i n  a few i n c h e s  of one of t h e s e  p o s i t i o n s  t o  pro- 
duce t h e  optimum s i g n a l .  
I n  a d d i t i o n ,  a mult i - f requency laser may have n o i s e  on t h e  output  
because t h e  o s c i l l a t i n g  f requencies  are n o t  e x a c t l y  evenly  spaced and 
have random re l a t ive  phases .  T h i s  n o i s e ,  p r e s e n t  on t h e  l o c a l  o s c i l l a t o r  
beam, can s e r i o u s l y  degrade t h e  coherent  receiver s e n s i t i v i t y .  
For t h i s  a p p l i c a t i o n ,  with s m a l l  d i s t a n c e s  t o  t h e  s u r f a c e ,  i t  would 
seem d e s i r a b l e  t o  use a commercial s ingle-frequency laser wi th  low out- 
p u t  power, r a t h e r  than t o  r e s o r t  t o  laser s p e c t r a l  c o n t r o l  methods t o  
avoid t h e  problems above. Power o u t p u t s  of  0.1 m i l l i w a t t s  can be obtained 
i n  a s i n g l e  frequency rising a v a i l a b l e  d e v i c e s .  With such a laser and t h e  
u s u a l  th ree- inch  o p t i c s  and three-font  s u r f a c e  d i s t a n c e ,  i t  is reasonable  
19 
t o  be about w a t t s .  Then us ing  an  S-20 photo tube  'SIG t o  expec t  
and f i l t e r  w i t h  an  e f f e c t i v e  rl of  w e  have: 
x (min) = 5.7 x c e n t i m e t e r s .  0 
I n  a p r a c t i c a l  ca se ,  ambient v i b r a t i o n s  of t h e  laser and o p t i c a l  com- 
ponen t s ,  as w e l l  as a i r  c u r r e n t s  i n  t h e  pa th  and s u r f a c e  i n t e r f e r e n c e  
L - L L C L C 3 ,  W ~ L L  p ~ u v a v l y  degrade t h e  minimum v a i u e  cons ide rab ly ,  s o  t h a t  
-4 xo(min) approximately e q u a l  t o  10 
more r e a l i z a b l e  estimate of t h e  s e n s i t i v i t y .  
,CF,. .+- - - : - I 7  1.-7 -I 
c e n t i m e t e r s  would appear t o  be a 
Coherent O p t i c a l  Phase De tec t ion  System. - I f  t h e  v i b r a t i o n s  of t h e  
s u r f a c e  are  approximately s i n u s o i d a l  and l a r g e r  t han  an o p t i c a l  wave- 
l e n g t h ,  i t  should be p o s s i b l e  t o  use  coherent  homodyne d e t e c t i o n  wi th  
t h e  l o c a l  o s c i l l a t o r  frequency t h e  same as t h e  average  s i g n a l  frequency. 
This phase d e t e c t i o n  system is  e s s e n t i a l l y  a Michelson i n t e r f e r o m e t e r  
w i th  a ga ted  counter  fo l lowing  t h e  pho tode tec to r .  
i n  F igu re  4 .  
l i g h t  t o  a po in t  on t h e  s u r f a c e ,  a necessa ry  c o n d i t i o n  f o r  e f f i c i e n t  
photomixing. A l l  of t h e  o p t i c a l  components which p rocess  t h e  s i g n a l  
and l o c a l  o s c i l l a t o r  beams s e p a r a t e l y  must be f r e e  from a b e r r a t i o n s  t o  
w e l l  below t h e  d i f f r a c t i o n  l i m i t ;  o the rwise  some p o r t i o n s  of t h e  mixing 
wavefronts  w i l l  b e  out of phase and cance l .  The a n g u l a r  t o l e r a n c e  on 
t h e  alignment of t h e  p a r t i a l  m i r r o r  i s  less t h a n  t h e  r a t i o  of t h e  o p t i c a l  
wavelength t o  the beam diameter  a t  t h e  m i r r o r .  For a p r a c t i c a l  system 
t h i s  would be a f r a c t i o n  of a m i l l i r a d i a n .  
It i s  shown s c h e m a t i c a l l y  
The ou tpu t  o p t i c a l  system i s  used t o  focus  t h e  t r a n s m i t t e d  
S ince  amplitude modulation w i l l  o r d i n a r i l y  be  p r e s e n t  on t h e  r e f l e c t e d  
l i g h t ,  and t h e r e f o r e  on t h e  d e t e c t o r  o u t p u t ,  i t  w i l l  b e  necessa ry  t o  have 
a l i m i t i n g  c i r c u i t  i n  t h e  coun te r .  
W i l l  f a l l  i n  t h e  frequency bands o r d i n a r i l y  occupied  by Doppler components 
from l a r g e r  v e l o c i t i e s .  Thus t h e  coun te r  must be  d i g i t a l  (count ing  z e r o  
c r o s s i n g s )  r a t h e r  than  ana log  (us ing  tuned f i l t e r s ) .  Thus t h e  maximum 
D i s t o r t i o n  components from t h e  l i m i t i n g  
. 
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b e a t  f requency de termines  t h e  f i n a l  r e c e i v e r  bandwidth, s i n c e  t h e  
t r i g g e r  c i r c u i t  i n  t h e  counter  m u s t  not count no i se .  This  degrades 
t h e  s i g n a l  t o  n o i s e  r a t i o  about  30 db below t h e  t h e o r e t i c a l  maximum 
f o r  t h i s  system. However, t h e  g r e a t  s e n s i t i v i t y  of coherent  d e t e c t i o n  
i s  s u f f i c i e n t  t o  make t h e  system usable  even wi th  t h i s  drawback. The 
coun te r  must be  ga t ed  t o  count on ly  the zero  c r o s s i n g s  dur ing  a known 
number of v i b r a t i o n  c y c l e s .  
s i g n a l  from t h e  shake t a b l e  o r  i n  the  coun te r  u s ing  a d e t e c t o r  i n d i -  
c a t i n g  times of ze ro  b e a t .  
This  could be done us ing  a r e f e r e n c e  
This  system w a s  set up i n  t h e  l abora to ry .  Tests were made us ing  
an aluminized m i r r o r  s u r f a c e  on t h e  v i b r a t o r  and a spectrum ana lyze r  
and o s c i l l o s c o p e  i n  p l a c e  of t h e  counter .  The system worked essen-  
t i a l l y  as expec ted .  
(wi thout  l i m i t i n g )  are shown i n  Figure 5. D e f l e c t i o n s  of approximately 
Photographs of t h e  pho tode tec to r  ou tpu t  waveforms 
c e n t i m e t e r s  were e a s i l y  measured us ing  t h e  o s c i l l o s c o p e  as a d i s p l a y ,  
and much l a r g e r  v a l u e s  could  b e  es t imated  from t h e  sp read  of t h e  s ide -  
bands on t h e  spectrum ana lyze r .  N o  s e r i o u s  problems wi th  frequency 
s t a b i l i t y  of t h e  laser o r  i s o l a t i o n  of t h e  r e f l e c t e d  l i g h t  from t h e  
moving m i r r o r  w e r e  n o t i c e d  dur ing  the experiments .  
Coherent In t e rmed ia t e  Frequency De tec t ion  System. - With p r e s e n t  
t echn iques  i t  i s  p o s s i b l e  t o  t r a n s l a t e  a s u b s t a n t i a l  f r a c t i o n  of t h e  
laser o p t i c a l  carrier t o  a new o p t i c a l  f requency which d i f f e r s  from 
t h e  o r i g i n a l  by a r a d i o  frequency d i f f e r e n c e .  
v a r i o u s  s ideband-cance l l ing  modulation techniques  o r  by d i f f r a c t i o n  
from a c o u s t i c  waves. For use  as a l o c a l  o s c i l l a t o r  i n  a coherent  he te ro-  
dyne receiver, i t  is impor tan t  t o  have t h e  s h i f t e d  frequency f r e e  from 
s p u r i o u s  modulat ions which could i n t e r f e r e  wi th  t h e  normal o p e r a t i o n  of 
t h e  receiver c i r c u i t r y .  S ince  p r a c t i c a l  o p t i c a l  f i l t e r s  are not  a v a i l -  
a b l e  w i t h  s u f f i c i e n t l y  narrow bandwidths t o  i s o l a t e  t h e  o p t i c a l  s ide -  
bands due t o  r a d i o  frequency modulation of t h e  laser, i t  i s  d i f f i c u l t  
t o  g e t  adequate  s p e c t r a l  p u r i t y  using t h e  modulation techniques  mentioned 
Th i s  may be  done by 
4 
22 
1- 
< 
- m  
> 
2 1  
. .  
i 
h 
W 
V 
n 
rd 
W 
x a l  
k 
0 
w 
a aJ 
aJ 
C 
a, 
5 
a, 
U 
a 
V 
d a 
C 
-4 
v1 
C 
0 
-rl 
U 
C 
9) 
k 
a, c 
0 
V 
h e 
a 
a, 
C 
*?I 
rd 
U 
n 
0 
u4 
aJ 
3 
k 
aJ 
? 
aJ 
5 
C 
-4 
bo 
C 
4 
U 
d 
-4 
d 
E 
23 
above. However, the diffraction approach causes spatial separation of 
the sidebands; thus overlapping frequencies which constitute modulation 
can be avoided and the carrier-sideband separation is useful in practical 
optical systems. 
for use in the present application. 
The acoustic diffraction technique has been selected 
The diffraction frequency translator, or Bragg cell, consists of a 
tank of water in which a radio-frequency traveling acoustic wave is 
generated by a large quartz transducer. Light entering the cell is 
diffracted by the density variations at the moving acoustic wavefronts, 
and several light beams, or diffraction orders, are usually present in 
the output. 
is known as the zero order component, If the acoustic wave is a few 
centimeters wide and the input power is  about one watt, an angle can 
be found where most of the light is in the zero and first orders, in 
equal proportions. This requires careful adjustment of the angle be- 
tween the acoustic wave and the optical wave; when that condition is 
met, the shift in frequency of the first order beam is given by the 
Doppler shift on the light reflected from a mirror moving at the speed 
of sound in the direction of the acoustic wave, Because of a constraint 
between diffraction angle and acoustic frequency, the Doppler component 
is found to be exactly equal to the acoustic frequency for first order 
diffraction. Constraints imposed by the optical wavelength and acoustic 
attenuation limit the useful range of frequency shifts obtainable in this 
way to the 5-50 Mclsecond band. 
a convenient frequency at which to obtain large quartz transducers. 
The undiffracted beam remains at the original frequency and 
Optimum performance is near 15 Mclsecond, 
An intermediate frequency of 15 Mclsecond is also convenient for the 
present application, since the expected maximum Doppler shift due to sur- 
face motion is a few megacycles per second. 
intermediate frequency system using the Bragg cell is shown in Figure 6. 
The same close tolerances on the optics and mirror alignment as in the 
Coherent Optical Phase Detection System apply, but in this case a 
A diagram of a coherent 
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2 5  
discriminator can be used because the limiter-induced distortion products 
are at least 15 Mc from the center of the passband and can be filtered 
out. The post-detection system bandwidth can therefore be as small as 
audio, although it is still necessary to have sufficient signal to 
operate the limiter above the wideband pre-detection noise. If a mul- 
tiplier phototube is used, much of the IF amplification is done in the 
tube and the circuit noise figure does not affect performance. 
frsqus i icy  discriminator is used, It must be followed by an audio circuit 
which integrates those frequencies above the lowest vibration frequency, 
so that the high frequency emphasis of the discriminator will be removed 
at the output. 
If a 
26 
The optical components of this system were tested during the study. 
a heterodyne signal was observed on the RF Results were very promising; 
spectrum analyzer receiver for both specular and diffuse surfaces, at 
vibration amplitudes up to 114 inch. A single-frequency Spectra-Physics 
Model 119 laser with 0.1 milliwatts output was used, and the photodetector 
was an RCA 7265 tube with an S-20 cathode. Photographs of the spectrum 
analyzer display are shown in Figure 7 .  
In these tests the expected signal fluctuations due to surface inter- 
ference were clearly observed; often the signal dropped more than 20 db 
during a fraction of the vibration cycle. Thus limiting would be needed 
in any coherent system working with diffuse reflectors. 
Overall sensitivity obtained with this method was better than that of 
any other system tested during the study. 
of the concepts and components used in this approach are new, it should be 
possible to reduce them to engineering practice in a system with reasonable 
size and power requirements. 
In spite of the fact that many 
I 
. i  
(a)  15 Mc/sec intermediate frequency 
de tec tor  output. Vibration am- 
p l i t u d e  x = 0 .  0 
I 
C 
A 
Doppler spectrum with xo 24A 
at 400 cps .  Frequency spread 
i s  approximately 120 k c / s e c .  
( N o t  a l l  sidebands appear because 
of the  rapid sweep of t h e  RF 
spectrum analyzer . )  
Figure 7 .  Doppler Spectra Obtained with Coherent 
Intermediate Frequency Detect ion.  
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Spot P r o j e c t i o n  Systems 
I f  t h e  moving s u r f a c e  i s  a d i f f u s e  r e f l e c t o r ,  i t  i s  p o s s i b l e  t o  
o b t a i n  informat ion  about some components of t h e  motion by p r o j e c t i n g  
one o r  more s p o t s  of laser l i g h t  on to  t h e  s u r f a c e  and measuring t h e  
motion-induced e f f e c t s  on r e f l e c t e d  l i g h t  c o l l e c t e d  by an o p t i c a l  
r e c e i v e r .  One method, i n  which t h e  apparent  motion of t h e  s p o t  is  
.I.CaaULSU, does n o t  ~~iake use  of E ' n e  spectral  coherence of t h e  laser.  
T h i s  system has been c a l l e d  t h e  incohe ren t  s p o t  p r o j e c t i o n  technique .  
Another approach, i n  which two s p o t s  are p r o j e c t e d  and t h e  i n t e r f e r e n c e  
between r e f l e c t e d  waves from bo th  of them i s  used ,  i s  known as coherent  
s p o t  p r o j e c t i o n ,  because t h e  laser coherence is  u t i l i z e d .  
m e "  -..-- -1 
Incoherent  Spot P r o j e c t i o n  System. - T h i s  system i s  i l l u s t r a t e d  i n  
The laser beam i s  p r o j e c t e d  t o  a small  s p o t  on t h e  v i b r a t i n g  
Some of t h e  r e f l e c t e d  l i g h t  i s  c o l l e c t e d  by a r e c t a n g u l a r  re- 
I n  t h e  r e c e i v e r  f o c a l  p l a n e ,  motion of t h e  s u r f a c e  
F igu re  8. 
s u r f a c e .  
c e i v e r  a p e r t u r e .  
produces a l a t e r a l  motion of t h e  s p o t  image. I f  a knife-edge s t o p  is  
p laced  a s h o r t  d i s t a n c e  behind t h e  image, where t h e  beam h a s  expanded 
t o  a r e c t a n g l e ,  motion of t h e  image a f f e c t s  t h e  f r a c t i o n  of t h e  l i g h t  
t h a t  p a s s e s  t h e  s t o p .  I n  p r a c t i c e  t h e  s t o p  would cover  h a l f  t h e  beam 
on t h e  ave rage ,  and t h e  d i s t a n c e  behind focus  would be  a d j u s t e d  t o  ac- 
commodate t h e  l a r g e s t  expected image d i sp lacemen t s  i n  t h e  l i n e a r  range .  
The f r a c t i o n  of power pas s ing  t h e  knife-edge i s  measured by a photo- 
d e t e c t o r  whose c u r r e n t  ou tpu t  i s  a l i n e a r  ana log  of t h e  s u r f a c e  d i s -  
placement along t h e  a x i s  of t h e  t r a n s m i t t e d  beam. 
The dynamic range  of measurable v i b r a t i o n  is  j u s t  t h e  r a t i o  of t h e  
average  photocurren t  t o  n o i s e  c u r r e n t  i n  t h e  d e t e c t o r .  
r a t i o  of t h e  maximum expected v i b r a t i o n  t o  t h e  minimum measurable 
v i b r a t i o n  ampl i tude .  Therefore :  
T h i s  is  a l s o  t h e  
x (min) 
x (max) 
0 n 
r 0 
- 
i P 
I P 
- n - - - -  
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where in, the noise current, corresponds to the optical power 
and I, the average photocurrent due to reflected light, corresponds 
to the received optical power P . r 
For the usual geometry 
phototube can be shot noise 
and a three-milliwatt transmitter, a 
limited. Then: 
For xo(max) = 1/4 inch peak, the minimum displacement xo(min) would 
be about 5 x centimeters m s .  
It is interesting to notice that the sensitivity can approach that 
of the coherent systems if the maximum displacement is no greater than 
an optical wavelength, good optics are used, and the receiver aperture 
is large. In such a situation, the spatial coherence of the laser is 
fully utilized. Such a system is therefore not incoherent in the limit. 
For large vibrations the system,has many advantages and a few dis- 
advantages. The main disadvantage is the need for careful alignment of 
the receiver and knife-edge. For scanning, the separate receiver and 
transmitter are troublesome. However, tolerance on the optical components 
is not severe for large maximum displacements, and other components are 
simple and reliable. 
Coherent Spot Projection System. - The ''incoherent" system above 
measures normal displacement of the surface. The coherent system to be 
described measures angular tilt of the surface in the plane determined 
by the transmitter and receiver axes. Figure 9 illustrates the system 
schematically. 
They are separated on the surface by a distance approximately equal to 
a spot diameter. Then at the receiver plane there will be interference 
Two small spots are projected by high quality optics. 
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f r i n g e s  produced by r e f l e c t e d  l i g h t  from t h e  two s p o t s .  I f  t h e  s p o t  
s e p a r a t i o n  i s  s u f f i c i e n t l y  s m a l l ,  t h e  f r i n g e s  can become l a r g e  enough 
t o  f i l l  a r e c e i v e r  a p e r t u r e  of a few inches .  A t i l t  of t h e  s u r f a c e  
cor responding  t o  a r e l a t i v e  motion between t h e  s p o t s  e q u a l  t o  1 / 2  op- 
t i c a l  wave w i l l  move t h e  f r i n g e  p a t t e r n  l a t e r a l l y  by a f u l l  s p a t i a l  
p e r i o d .  
i n  t h e  r e c e i v e r .  The s p o t  s e p a r a t i o n  cor responding  t o  a three- inch  
r e c e i v e r  a t  three feet  i s  about 4 x 10 inches  o r  m i l l i m e t e r s .  
The t i l t  a s s o c i a t e d  wi th  a half-wave re la t ive motion is  then  approxi- 
mate ly  30 m i l l i r a d i a n s  o r  about 1 . 3  deg rees .  
Power changes due t o  motion of t h e  f r i n g e  p a t t e r n  are  d e t e c t e d  
- J. 
-l 
A v i s u a l  t es t  of t h i s  method w a s  t r i e d  i n  t h e  l a b o r a t o r y .  Two 
d i f f i c u l t i e s  were encountered. F i r s t  of a l l ,  t h e  d i f f u s e  s u r f a c e  causes  
s e l f - i n t e r f e r e n c e  i n  t h e  r e f l e c t e d  l i g h t  from each s p o t .  Thus a t  any 
p o i n t  i n  t h e  r e c e i v e r  p l a n e ,  t h e  f i e l d s  from t h e  s p o t s  are l i k e l y  t o  be 
f a r  from e q u a l .  Consequently,  t h e  d e s i r e d  f r i n g e s  have very  low c o n t r a s t  
over  most of t he  p l a n e ,  and must be d e t e c t e d  i n  t h e  p re sence  of a l a r g e ,  
s t r o n g l y  modulated background of random i n t e r f e r e n c e .  
i s  t h e  i n a b i l i t y  t o  produce very  small  s p o t s  on a d i f f u s e  s u r f a c e .  
S c a t t e r i n g  among t h e  rough e lements  n e a r  t h e  i l l u m i n a t e d  r eg ion  s p r e a d s  
t h e  e f f e c t i v e  spot  s i z e  c o n s i d e r a b l y ,  t hus  reducing  t h e  maximum u s a b l e  
receiver a p e r t u r e .  Because of t h e s e  problems and t h e  need t o  keep t h e  
r e c e i v e r  a p e r t u r e  c a r e f u l l y  p o s i t i o n e d  i n  t h e  f r i n g e  p a t t e r n  f o r  l i n e a r  
demodulation ( a  c o n d i t i o n  d i f f i c u l t  t o  meet i f  t h e  s u r f a c e  must b e  scanned) ,  
t h i s  approach i s  n o t  ve ry  promising. 
The second problem 
I n t e r f e r e n c e  Displacement Mapping System 
The approaches cons ide red  t h u s  f a r  have been q u a n t i t a t i v e ,  b u t  they  
have r e q u i r e d  a s e p a r a t e  measurement of e x c u r s i o n  o r  t i l t  f o r  each p o i n t  
on t h e  moving s u r f a c e  i n  o r d e r  t o  o b t a i n  a p i c t u r e  of t h e  v i b r a t i o n  mode 
of t h e  surface as  a whole. For d i f f u s e l y  r e f l e c t i n g  s u r f a c e s ,  i t  i s  
32 
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p o s s i b l e  t o  avoid  most o f  t h e  q u a n t i t a t i v e  measurements by employing a 
q u a l i t a t i v e  technique  f o r  l o c a t i n g  t h o s e  areas of maximum and minimum 
excur s ion .  
One p o s s i b l e  approach f o r  doing t h i s  i s  simply t o  use  a laser t o  
make a hologram of t h e  s u r f a c e  ( r e f s .  1, 2 ) .  The hologram r e c o n s t r u c t i o n  
would f a i l  t o  image those  a r e a s  of t h e  s u r f a c e  t h a t  move more than  a 
f r a c t i o n a l  o p t i c a l  wavelength dur ing  t h e  exposure.  
r e j e c t e d  as i m p r a c t i c a l  because t h e  p h y s i c a l  appa ra tus  used i n  v i b r a t i o n  
t e s t i n g  is  probably n o t  s u f f i c i e n t l y  r i g i d  du r ing  t h e  many seconds of 
exposure  t o  make any p o r t i o n  of the  s u r f a c e  r e g i s t e r  on t h e  hologram. 
Also t h i s  technique  is  n e c e s s a r i l y  photographic  and r e q u i r e s  slow, high 
r e s o l u t i o n  f i lm .  
T h i s  i d e a  w a s  q u i c k l y  
. 
An alternate method, which can be v i s u a l  o r  photographic ,  h a s  been 
sugges ted  and t e s t e d  wi th  encouraging r e s u l t s .  T h i s  system makes use  of 
t h e  random i n t e r f e r e n c e  patterns which always appear  when laser l i g h t  is  
used t o  i l l u m i n a t e  a d i f f u s e  r e f l e c t o r .  These random "sparkle" p a t t e r n s  
are produced by r e f l e c t e d  waves of random phase which ove r l ap  i n  t h e  
r e g i o n  of space  i n  f r o n t  of t h e  s u r f a c e .  They may be  viewed by eye ,  o f t e n  
wi th  t h e  a i d  of a l e n s  and ir is  diaphragm, and they  can be photographed. 
The impor tan t  c h a r a c t e r i s t i c  of t h e  s p a r k l e  p a t t e r n s  f o r  t h i s  a p p l i -  
c a t i o n  i s  t h e  f a c t  t h a t  they  a r e  c o r r e l a t e d  wi th  t h e  p o s i t i o n s  of t h e  
many s m a l l  scatterers, o r  rough s u r f a c e  e lements ,  t h a t  make up t h e  d i f f u s e  
r e f l e c t o r .  I f  t h e  r e f l e c t o r  moves, so does t h e  complex i n t e r f e r e n c e  pa t -  
t e r n .  
t h e  i l l u m i n a t i n g  laser s o u r c e ,  one can d e t e c t  t ilt  of t h e  s u r f a c e  as a 
l a t e ra l  motion of t h e  s p a r k l e  p a t t e r n .  I f  t h i s  t i l t  occurs  a t  a ra te  
f a s t e r  t han  t h e  eye  can fo l low,  t h e  motion appea r s  as a s t r e a k i n g  of t h e  
p a t t e r n  i n  t h e  d i r e c t i o n  of  t h e  t i l t .  
t h e  g r a d i e n t  of t h e  s u r f a c e  excurs ion  i n  t h e  d i r e c t i o n  of t h e  obse rve r .  
By viewing t h e  p a t t e r n  i n  f r o n t  of t h e  s u r f a c e  from t h e  v i c i n i t y  of 
What is a c t u a l l y  i n d i c a t e d  then  i s  
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The system for interference mapping is shown in Figure 10. The 
viewing lens allows the observer to focus on the interference in a 
particular plane. An iris is often helpful because the granularity 
of the pattern is always just at the diffraction limit of resolution 
for the viewing aperture. The imaged granularity, however, must be 
larger than the resolution of the human retina or the film grain to be 
seen. The iris diaphragm therefore makes the imaged patterns coarser 
PC) thst the r s t i n a  or filii1 can view che interference conveniently. This 
reduces the available light and the sensitivity of the technique, however, 
so that a compromise would have to be made in a practical situation. 
The theoretical sensitivity of this method is very good. A s  the 
surface is tilted, the angular motion of the interference patterns about 
the corresponding reflecting elements on the surface is twice the tilt 
angle. This is true because of the same phase relations which lead to 
the well-known law of reflection for specular surfaces in geometrical 
optics. For streaking to occur, the interference patterns, or granules, 
must move at least an amount equal to their diameter. A s  stated above, 
this diameter is determined by the viewing system. 
distance from the surface to the patterns, and the higher the viewer 
resolution, the better will be the angular sensitivity. 
assume a viewing aperture dl of 6 millimeters, a viewer-to-pattern 
d is tan ce L1 
one meter. The physical diameter of the average interference granule 
is then given by: 
Thus the greater the 
A s  an example, 
L2 of of one meter, and a surface-to-pattern distance 
Then the minimum tilt angle at the surface which will 
is approximately: 
cause streaking 
- 5 x radians. 1 d2 - x=l a = - - - - -  2 L, 2d. L, L I L  
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From t h e  a l g e b r a i c  r e l a t i o n s  above, i t  is  seen  t h a t  t h e  minimum t i l t  
i s  about  one ha l f  of t h e  p h y s i c a l  ( d i f f r a c t i o n - l i m i t e d )  angu la r  re- 
s o l u t i o n  l i m i t  f o r  a p e r f e c t  l e n s  whose a p e r a t u r e  i s  equa l  t o  t h e  i r is  
opening dl,  provided t h a t  L1 = L2.  The r a t i o  of t h e s e  d i s t a n c e s  
p rov ides  a magn i f i ca t ion  f a c t o r  which can enhance o r  reduce  t h e  
s e n s i t i v i t y  . 
--. v i s u a l  and photographic  tests of t h e  system were made on a v i b r a t i n g  
s h e e t  metal s u r f a c e  e x c i t e d  by sound from a loudspeaker  b o l t e d  t o  one 
f a c e ,  as shown i n  F igu res  11 and 1 2 .  The i l l u m i n a t i n g  and viewing geo- 
metry w a s  t h e  same as  i n  F igure  10.  With t h e  loudspeaker  turned  o f f ,  
t h e  i n t e r f e r e n c e  s p a r k l e  p a t t e r n s  appeared as i n  t h e  photograph i n  
F igu re  13. 
w a s  d r i v e n  a t  550 c p s .  The r a d i a l  s t r e a k s  i n d i c a t e  a d isp lacement  maximum 
a t  t h e  c e n t e r  of t h e  p l a t e ,  a minimum i n  a c i r c l e  where t h e  frame of t h e  
loudspeaker  is  f a s t e n e d ,  and some v i b r a t i o n  a t  t h e  edges.  The v i b r a t i o n  
ampl i tude  w a s  q u i t e  s m a l l ,  p robably  of t h e  o r d e r  of c e n t i m e t e r s .  
The s t r e a k i n g  was r e a d i l y  v i s i b l e  t o  t h e  unaided eye  s e v e r a l  f e e t  from 
t h e  s u r f a c e .  The l i g h t  sou rce  w a s  a 15 m i l l i w a t t  laser wi th  l e n s e s  t o  
spread  t h e  i l l u m i n a t i n g  beam uniformly over  t h e  s u r f a c e .  Exposure t i m e  
w a s  30 seconds.  
F igu re  14 shows t h e  r e s u l t a n t  p a t t e r n  ob ta ined  when t h e  speaker  
The tests i n d i c a t e  t h a t  t h e  mapping t echn ique  works e s s e n t i a l l y  as 
p r e d i c t e d  by theory .  
may reduce t h e  amount of d a t a  t o  be t aken  u s i n g  o t h e r  q u a n t i t a t i v e  
techniques .  
It appea r s  t o  be  a u s e f u l  q u a l i t a t i v e  a i d  which 
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Figure 11. Vibrating Panel. 
Front View. 
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F i g u r e  1 2 .  V i b r a t i n g  P a n e l .  
Back V i e w .  
t 
L 
Figure 13. Interference Patterns. 
V i b r a t i o n  Amplitude = 0. 
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Figure 14. Interference Patterns. 
Vibration Amplitude Approximately 
10-3 Centimeters. 
I 
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CONCLUDING REMARKS 
A v a r i e t y  of techniques  f o r  v i b r a t i o n  d e t e c t i o n  and measurement 
have been proposed, i n v e s t i g a t e d ,  and compared. The microwave systems 
have low s e n s i t i v i t y  even f o r  s p e c u l a r  s u r f a c e s .  
system o f f e r s  some promise,  b u t  would b e  d i f f i c u l t  t o  u s e  i n  a scanning 
mode because of t h e  s e p a r a t i o n  of  t r a n s m i t t e r  and receiver. The co- 
h e r e n t  d e t e c t i o n  systems,  u s ing  one a p e r t u r e  f o r  t r ansmiss ion  and re- 
c e p t i o n ,  should p rov ide  t h e  b e s t  s e n s i t i v i t y ,  and w i l l  d e l i v e r  t h a t  
s e n s i t i v i t y  wi th  a laser of smal le r  s i z e  and lower power ou tpu t .  I n  
p a r t i c u l a r ,  t h e  coherent  o p t i c a l  i n t e rmed ia t e  f requency system appears  
t o  o f f e r  ve ry  good v e r s a t i l i t y  with regard  t o  v i b r a t i o n  waveshape, range 
of v i b r a t i o n  ampl i tudes ,  and t h e  p o s s i b i l i t y  of o p e r a t i o n  i n  a scanning 
mode. I n  a d d i t i o n ,  t h e  i n t e r f e r e n c e  displacement  mapping system may 
p rov ide  a d i r e c t  v i s u a l  means of  l o c a t i n g  t h o s e  areas where t h e  l a r g e s t  
v i b r a t i o n  occur s ,  t h u s  minimizing t h e  necessa ry  measurements t o  be  made 
w i t h  t h e  o t h e r  system. 
The s p o t  p r o j e c t i o n  
t 
Labora tory  v e r i f i c a t i o n  of  the  fundamental  concepts  involved wi th  
t h e  coherent  I F  system and t h e  mapping system has  been demonstrated 
d u r i n g  t h e  s tudy .  However, t hese  f i r s t  tests have been made wi thout  
a t t empt ing  t o  scan ,  and they  have been conducted only  on n e a r l y  f l a t  
v i b r a t i n g  s h e e t  m e t a l  s u r f a c e s  and m i r r o r s .  Before a working system 
can  be  b u i l t ,  more tests of  t h e  coherent  system on s u r f a c e s  of very  
g e n e r a l  shape,  and i n  t h e  scanning mode, are recommended. Th i s  i s  neces- 
s a r y  because t h e  scanning of a three-dimensional o b j e c t  i n t roduces  t i m e  
v a r i a t i o n s  i n  t h e  o p t i c a l  p a t h  t h a t  may be i d e n t i c a l  t o  t h e  e f f e c t s  pro- 
duced by v i b r a t i o n s .  Thus i t  may b e  found t h a t  po in t - to-poin t  s t a t i o n a r y  
measurements are p r e f e r a b l e  t o  scanning. 
I n  a d d i t i o n ,  t h e  d e s i r a b i l i t y  of a hand-held d e t e c t o r  only a few 
i n c h e s  from t h e  s u r f a c e  i s  a j u s t i f i c a t i o n  f o r  f u r t h e r  i n v e s t i g a t i o n s  
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i n t o  t h e  p o s s i b i l i t y  of non- laser ing  narrow s p e c t r a l  sou rces  such as 
room-temperature ga l l i um a r s e n i d e  emitters. The s p e c t r a l  and s p a t i a l  
coherence i s  r e l a t i v e l y  poor f o r  t h e s e  d e v i c e s ,  b u t  w i th  such s h o r t  
d i s t a n c e s  t h e  problems might be  avo idab le  by making t h e  l o c a l  o s c i l -  
l a t o r  p a t h  i n  t h e  system e q u a l  t o  t h e  e x t e r n a l  p a t h .  
o p e r a t i o n ,  i n  the  zero  o r d e r  of i n t e r f e r e n c e ,  removes some coherence 
r e s t r i c t i o n s .  
This  t ype  of 
The problems posed by t h e  des ign  of t h e  wideband c i r c u i t r y  which 
would be needed f o r  t h e  coherent  system do n o t  seem unusual  o r  p a r t i -  
c u l a r l y  d i f f i c u l t .  
a spectrum ana lyze r  as t h e  r e c e i v e r .  
sma l l - s igna l  cond i t ions  w i t h  l a r g e  i n p u t  f l u c t u a t i o n s  can on ly  be  d e t e r -  
mined by c o n s t r u c t i o n  of an exper imenta l  r e c e i v e r  t o  be used wi th  t h e  
o p t i c a l  components. 
problems in t roduced  by scanning .  
However, t h e  tests conducted t h u s  f a r  have been w i t h  
D i f f i c u l t i e s  w i th  l i m i t i n g  under 
This  would be  p a r t i c u l a r l y  u s e f u l  i n  e v a l u a t i n g  t h e  
I n  conclus ion ,  t h e  coherent  system and t h e  mapping system make use  
of t h e  unique coherence p r o p e r t i e s  of laser r a d i a t i o n ,  and probably  can 
be  developed i n t o  u s e f u l  i n s t rumen t s  f o r  ana lyz ing  mechanical v i b r a t i o n s  
wi th  ampl i tudes  between a cen t ime te r  and a micron. 
42 
APPENDIX A 
SYLVANIA MICROWAVE LIGHT MODULATOR 
Application Note: February 1965 
4 3  
. .  
SYLVANIA MICROWAVE LIGHT MODULATOR which travels through the crystal parallel to the 
optic axis will experience the  same index of refrac- 
tion. However, an electric field applied parallel to 
the  optic axis resolves th i s  degeneracy in the indices 
of refraction, and light propagating parallel to the 
optic axis develops two principal indices of refrac- 
tion given by 
The Sylvania Microwave Light Modulator i s  a device 
capable of phase, frequency, and amplitude modulation of 
light at a microwave frequency. A typical application of 
the modulator i s  shown in Fig. 1. In this case,  it  is used 
as  an amplitude modulator for an He-Ne gas laser, and the 
signal i s  received on a Sylvania Traveling-Wave Phototube. 
. 
- 
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Figure 1. Typical Application of Sylvania 
Mi c r o r  ave Light Modu 1 at or .  
I .  General Discussion 
A. Electro-optic Effect 
Microwave-modulated light may be obtained by 
utilizing the linear electro-optic effect in potassium 
dihydrogen phosphate (KDP). The heart of the Syl- 
vania Light Modulator is a microwave cavity con- 
taining a crystal of KDP. A schematic of the micro- 
wave cavity i s  shown in Fig. 2. The KDP i s  cut in 
the form of a bar with its optic axis  along i ts  length. 
COUPLl NG SLOTS 
TEFLON SUPPORT 
Figure 2. Sketch of Modulator Cavity. 
In the absence of an applied electric field, KDP is a 
uniaxial crystal; and for light propagating along the 
optic axis  of the crystal, the two principal indices 
of refraction will both be equal to the ordinary index 
of refraction, no. That is, light of any polarization 
where E, denotes the magnitude of the electric field 
in  the  z-direction, and k is a constant representing 
the effect of the applied E field. Figure 3 is a sche- 
matic of a KDP crystal showing the directions of the 
electrically induced principal axes in the  crystal. 
These axes are located at 45" to the  principal cleav- 
age planes of the crystal, and it i s  important to note 
that the position of these axes i s  independent of the  
applied electric field strength. 
\ 
I 
100 PLANE 
B. Phase Modulation 
To obtain microwave frequency- or phase-modulated 
light, microwave power is applied to the resonant 
cavity which is operated in a TM mode. A strong 
axial E field is developed along the optic axis  and 
the incident light is polarized along one of the 
electrically induced principal axes. As the optical 
signal travels through the modulator, the instantane- 
ous index of refraction that i t  sees  is dependent on 
the applied electric field strength. The result is that 
the phase of the transmitted light is dependent on 
the applied electric field strength, and the light 
emerges from the modulator phase modulated. If the 
optical electric field at the input of the modulator is 
written a s  E = E i n e J w c * ,  then the output electric 
- 1- 
field is given by 
E,,, = Ei ,  exp j [w,t t 6cos w,t1 (2) 
where w,and w ,  are the carrier andmodulation fre- 
quencies, respectively. This  is a phase-modulated 
signal with a peak phase deviation 6, and a peak 
instantaneous frequency deviation of 0,6. The 
peak phase deviation 6 varies directly with the KDP 
crystal length, the applied electric field strength, 
the index of refraction n o ,  and the electro-optic co- 
efficient; it varies inversely with the optical wavr- 
length. The orientation of the polarizer and crystal 
for this mode, designated the FM mode, is schemat- 
ically depicted in Fig. 4. 
INPUT POLARIZER 
Figure 4. FM Mode of Operation. 
C. Amplitude Modulation 
To obtain microwave amplitude-modulated light, the 
microwave cavity containing the KDP crystal is 
combined with appropriate polarizers and retardation 
elements such that the incident light is divided into 
orthogonal components which have equal amplitude 
along the two electrically induced principal axes of 
t h e  KDP crystal. Each component is phase modu- 
lated a s  it passes  through the crystal, with the result 
that the light at the output of the crystal is polari- 
zation modulated. That is, t h e  polarization of the 
light at  the output of the KDP is dependent on the 
electric field strength that is applied to the KDP 
crystal. If the modulator i s  then followed by an ap- 
propriately oriented analyzer, the polarization 
modulation may be converted to amplitude modulation. 
The ratio of the output intensity to the input in- 
tensity when the modulator is run in the AM position 
is given by 
In the above expression Q is termed the bias and 
represents any additional retardation that is present 
along one of the electrically induced principal axes 
and not the other. By adjust ingv,  the harmonic con- 
tent of the intensity-modulated wave may be varied. 
The Sylvania Light Modulator is constructed such 
that Cp may be conveniently adjusted to any desired 
value. Two types of operation are, however, par- 
LILUlkally U I C I U I .  
. : - . - i - - i - -  ... r * 
In the first, which we call the fundamental AM mode, 
the bias is set equal to?, and the output intensity 
thus becomes 
R 
IOU, -= - ~ ~ ( 2 6 )  cos  ~ , t  t odd harmonics (4) 
‘in 
This is amplitude modulation at the fundamental 
frequency with the index of modulation given by 
1 
Figure 5 is a plot of m versus 6, and it is seen that 
the modulator is fairly linear for modulation depths 
up to 100%. The 5 bias is achieved by inserting a 
quarter-wave plate with its principal axes parallel 
to the electrically induced principal axes  of the 
KDP crystal. Figure 6 represents schematically this 
mode of operation. 
Figure 5. Modulation Index as a 
Function of Phaae Retardation. 
- 2 -  
. 
Figure 6.  AM Fundamental Mode. 
In the second useful mode of operation, the bias is. 
set equal to 7 ,  and the output intensity then becomes 
= % - %J, (26)  + even harmonics (6 )  
'in 
This  mode of operation i s  useful since the average 
transmitted intensity i s  dependent on 6 ,  and it 
thereby provides a useful method for the measure- 
ment of the modulation index. This mode may also 
be used to provide intensity-modulated light at 
higher even harmonics of the modulation frequency. 
In this mode, designated the AM closed mode, no 
quarter-wave plate is used. The orientation of the 
components is shown in Fig. 7. 
' ' ':T POLAR I ZEP \ 
Figure 7 .  AM Closed Mode. 
0. Sing 1 e-.% deband Suppressed-Carrier Modulation 
One very useful mode of operation i s  single-sideband 
suppressed-carrier optical modulation. This type of 
modulation finds applications in experiments re- 
quiring a microwave shift in the output frequency of 
the laser. Experiments in this  laboratory have 
demonstrated that the basic modulator can be used, 
with slight modification, for single-sideband modu- 
lation (see ref. 15 in the bibliography). Upon request, 
further information will be supplied concerning this 
mode of operation and the adaptations necessary for 
using the Sylvania Microwave Light Modulator 
for single-sideband modulation. 
11. Operating Instructions 
Directions for use of the modulator divide into three 
main categories: (a )  optical alignment of the cavity; 
(b) positioning and use of the quarter-wave plate and 
polarizers; and (c) microwave power requirements and 
adjustments. A method of measuring the modulation 
index m for amplitude modulation will also be detailed. 
A. Cavity Alignment 
Before attempting to align the cavity in the optical 
beam, the beam should be well collimated with a 
cross-sectional diameter of approximately one-tenth 
of an inch. Once this has  been accomplished, the 
modulator cavity may be placed in the beam and . 
aligned. One of the simplest methods for determining 
whether the crystal i s  parallel to the beam i s  to ob- 
serve the cross  and circle pattern produced when the 
crystal is between crossed polarizers. To do this, 
remove the quarter-wave plate from the  modulator, 
position the input polarizer to 0' and the output 
polarizer to 90". When the crystal is aligned correctly 
in this manner, the pattern of the light coming through 
the modulator and displayed on a screen will be 
similar to the one sketched in Figure 8. The modu- 
lator wil l  be correctly positioned when the darkened 
center is in the position on the screen of the beam 
when no modulator is in the beam's path. If it is 
difficult to recognize this pattern, a piece of dif- 
fused glass placed in the original position of the 
quarter-wave plate may be used as an aid for pre- 
liminary alignment. The glass  enables one to see 
the pattern distinctly, but it should be removed be- 
fore the final alignment is set. 
# 4 0 ? 0 S ~ S  
Figure 8 .  Crone and Circle P a t t e r n .  
B. Polarizers and Quarter-Wave Plate 
The polarizers and quarter-wave plate have been 
- 3 -  
Turn off the microwave power and turn the output 
polarizer to 0". Then measure the change of the 
dc value of the output of the photomultiplier when 
the  beam is blocked (with a piece of paper), and 
when i t  is not blocked. Call this change i n  dc 
level \(volts). 
Referring to  Section IC, Figure 9 is a graph com- 
paring Equation ( J  with the approximation 
' 
C. 
D. 
calibrated and positioned on the modulator for ease 
of operation i n  all experiments. For F M  or phase 
modulation, the input polarizer should be set  to 45", 
and the quarter-wave plate and output polarizer 
should be removed. Amplitude modulation is ac- 
complished by placing t h e  input polarizer to 0", the  
quarter-wave plate to 4 5 " ~  and the output polarizer 
0". Removing the quarter-wave plate, adjusting the 
input polarizer to O" ,  and adjusting the  output polar- 
izer to 90" generates the AM closed mode. It should 
be pointed out that although the KDP crystal will 
modulate light in  the wavelength range from .4 
actua'lly designed for .6??8 microns. If another fre- 
quency i s  desired for modulation, then the appropri- 
ate quarter-wave plate will bc supplied upon request. 
Microwave considerations 
Modulators are available for modulation a t  L, S, C, 
or X band. Each modulator is tested, and the resonant 
frequency, modulation index, and bandwidth are 
supplied with it. The L-and S-band modulators are 
supplied with coaxial outputs; the C-and X-band 
modulators have waveguide adaptors. It may prove 
convenient to use a slide-screw or stub tuner for 
optimum coupling to the cavity. ( S e e  n o t e ,  p . 5 . )  
Due to heating of the KDP crystal, the average 
microwave power delivered to the cavity should not 
exceed one watt. If a very high modulation index is 
desired, this may be achieved by pulsing the micro- 
wave power. The average power to the cavity should 
however remain below one watt although the peak 
power may be a s  large a s  desired. The modulation 
indices quoted for the  modulators are obtained by 
applying two watts of peak power to the cavity with 
a 50% duty cycle, thus keeping the average power at 
one watt. 
Modulation Index Measurements 
One convenient method of measuring the modulation 
index m is the following. 
1. Align the cavity optically a s  outlined in Section IIA. 
2. With the quarter-wave plate removed, the input 
polarizer set a t  O", and the output polarizer a t  
go", square-wave modulate the microwave power 
into the cavity a t  one kc. 
.,iLAu.,., _." __..- - L,. 1 * . J  9 i i ~ i ~ o l ~ a ,  ' the quarter-wave piate IS 
3. Let the output from the modulator fall on a photo- 
multiplier. If the output of the photomultiplier is 
connected to an oscilloscope, a one kc square 
wave should be observed. Measure the peak-to- 
peak value of the square wave and call  this value 
VI( volts). 
- 4 -  
4. 
5 .  
and Figure 5 cornpares Equation 5 with the ap- 
proximation 
m = ?S (8) 
Using these approximations, then m becomes 
' 0 " t  
I i n  
-
Figure  9 .  Phaae R e t a r d a t i o n ,  26, .I) a Funct ion  of 
t h e  C h a n g e i n  t h e  d - c  Level  of  t h e  
Tranrmi t t e d  L i a h t .  
111. Bibliography 
1. Billings, B. H. ,  "The electro-optic effect in uniaxial 
crystals of the type XH,PO,. 1. Theoretical," 1% 
nal of the Optical Society of America, 3, 797, (Octo- 
ber 1949). 
2. Billings. B. H. ,  "The electro-optic effect in uniaxial - .  
crystals of the type XH,PO,. 11. Experimental," - JOW- 
nal of the Optical Society of America, 29, 802, (Octo- 
ber 1949). 
. .  
3. Blumenthal, R. H., "Design of a microwave-frequency 
light modulator," Proceedings of the IRE, - 50, 452, 
(April 1362). 
4. Buhrer, C. F., "Optical modulation by light bunching," 
Proceedings of the IEEE, 2, 1151, (August 1963). 
5. Buhrer, C. F., L. R. Bloom, "Single-sideband modula- 
tion and reception of light at VHF," Proceedings of 
the IRE, 50,  2492, (December 1962). 
6. Buhrer, C. F., L. R. Bloom, D. H. Baird, "Electro- 
optic light modulation with cubic crystals," Applied 
Optics, 2, 839, (August 1963). 
7. Buhrer, C. F., V. J. Fowler, L. R. Bloom, "Single- 
sideband suppressed-carrier modulation of coherent 
-- 
(R 
_ _  
light beams," Proceedings of the IRE, - 50, 1827, 
(August 1962). 
8. Carpenter, R. O'B., "The electro-optic effect in uni- 
axial crystals of the type XH,PO,. III. Measurement 
of Coefficients," Journal of the Optical Society of 
America, 40, 225, (April 1950). 
9. Harris, S. E., "Demodulation of Frequency-Modulated 
Light," (Doctoral Dissertation), Rept. SEL-63-073 
(TR No. 0576-5), Stanford Electronics Laboratories, 
Stanford, California, October 1963, Ch. IV. 
10. Holshouser, D. F., H. Von Foerster, G. L. Clark, 
"Microwave modulation of light using the Kerr effect," 
Journal of the Optical Society of America, - 51, 1360, 
(December 1961). 
11. Kaminow, I. P., "Microwave modulation of the electro- 
optic effect in KH,PO,," Physical Review Letters, 5, 
528, (May 15, 1961). 
12. Kaminow, I. P., G. 0. Harding, "Complex dielectric 
constant of KH,PO, at 9.2 Gc/sec," Physical Review, 
129, 1562, (February 15, 1963). -
13. Mason, W. P., "Electro-optic and photoelastic effects 
in crystals," Bell System Technical Journal, 2, 161, 
(April 1950). 
14. Saito, S., T. Kimura, "Microwave modulation of ruby 
laser  light using KDP crystal," Japanese Journal of 
Applied Physics, - 2, 658, (October 1963). 
15. Targ, R., "Optical heterodyne detection of microwave- 
modulated light," Proceedings of the IEEE, (to be 
published in March 1364). 
NOTE: The mrcrorave  r e s o n a n t  f r e q u e n c y  r s  d e t e r a r n e d  
i n d r v i d u a l l y  f o r  e a c h  m o d u l a t o r ,  and L S  noted  i n  t h e  
d a t a  s h i p p e d  v i t h  e a c h  u n i t .  The S - b a n d  u n i t  w a l l  be 
r e s o n a n t  a t  about  2 . 5  Gc; t h e  X-band u n i t  a t  a b o u t  
1 0 . 7  C c .  The c a v r t y  I S  n o t  a r r a n g e d  for tunrng,  r t s  
f r e q u e n c y  b e i n g  d e t e r m i n e d  by i t s  d i m e n s i m s  and by 
t h e  p r o p e r t r e s  o f  t h e  T e f b n  and KDP c o n t a i n e d  r r t h r n  
t h e  c a v i t y .  
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FM OSCILLATION OF THE He-Ne LASER' 
(internad ph.se pert~~*tion; interferometry; KDP c r y d ;  E) 
We report the operation of a He-Ne laser in a 
manner such that all of the laser modes oscillate with 
FM phases and nearly Bessel function amplitudes, 
thereby comprising the sidebands of a frequency- 
modulated signal. The resulting laser oscillation 
frequency is, in effect, swept over the entire Doppler 
line-width at a sweep frequency which is approxi- 
mately that of the axial mode spacing. This type of 
FM oscillation is induced by an intra-cavity phase 
S. E .  Harris 
Consultant to Sylvania Electronic Systems 
Mountain View, California and 
Department of Electrical Engineering 
Stanford University, California 
Russell Targ 
Electronic Defense Laboratories 
Sylvania Electronic Systems 
Mountain View, California 
(Received 25 September 1964) 
perturbation which is driven at a frequency which 
is approximately but not exactly the axial mode 
spacing. Experimental evidence supporting the 
hypothesis of an essentially pure FM oscillation is 
as follows: 
1. The suppression of all observable laser "beat 
notes" by at least 25 dB, as compared to their value 
in the absence of the phase perturbation. A 5% 
202 
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iricrc.;ise i i i  laser power WAS ol)served coincident 
wit 1 1  this suppression. 
T h e  oliservaiion o f  a scanning interferometer 
showing the laser modes to possess approximately 
Bessel function amplitudes, appropriate  to the 
spectral components of a pure  FM signal. 
3 .  Direct demodulation of the resultant FM 
signal using both a Michelson interferometer and  
;I birefringent discriminator.2 
T h e  laser was a Spectra-Physics Model 116 oper-  
areci at 0325 A,  with an external mirror  spacing 
corresponding to an axial mode interval ( c / 2 L )  
of 100.5 Mcisec. T h e  phase perturbation was ob- 
tained via the electro-optic effect in a 1-cm long 
KH,PO, (KDI’) crystal which was anti-reflection 
coated and situated in a IOO-Mc/sec tuned circuit 
inside the laser cavity. T h e  KDP crystal was oriented 
with its optic axis parallel to the  axis of the  laser 
tube, a n d  with one  of its electrically-induced princi- 
pal axes parallel to thk direction of  the laser polari- 
zation. A KDP crystal in this orientation introduces 
a piire phase perturbation and  ideally should in- 
tro(1uc.e no time-varying loss into the laser cavity. 
A n  rt input power of 9 W produced a single-pass 
phase retardation 6 of about 0.06 rad a t  the optical 
frequency. 
O f  particular interest was that FM laser oscilla- 
tion was not obtained when the KDP modulator was 
tuned exactly to the frequency of the axial mode 
spacing. In this case, the laser beat notes as observed 
on an rf spectrum analyzer were stabilized and  en-  
hariced, and appeared similar to those described by 
Wargrove and  others,:’ and DiDomenico4 in their 
papers on  A M  phase locking. 
When the modulation frequency is de tuned  from 
the c/21, frequency, then at a 6 of 0.05, a frequency 
c.h;tnge of 250 kc/sec to either side produces a n  
abrupt quenching of all of the original laser beat 
notes, with a coincident increase of 5% in the total 
laser oscillation power. This  removes the possibility 
that the quenching of the axial mode beats is caused 
by some form o f  increased optical loss. After 
quenching of the original axial beat notes, a small 
amount  of rf beat power may be observed at har-  
monics o f  the  modulation frequency. At the second 
and third harmonics, this power level was 25 d B  
below that of the original beat amplitude. At the  
funclitniental and fourth harmonics, this level was 
at least 15 d B  below that o f  the original signal. 
Measurements at the latter t w o  f‘requencies were 
limited by a residual A M  light signal and  poor  
2. 
,....._. v 
photomultiplier sensitivity, respectively. 
In o rde r  t o  directly verify the presence of‘an FM 
signal, the output  of‘ the  FM laser was passed 
through an  optical discriminator (Michelson inter- 
ferometer) with a path length difference o f  30 cm. 
T h e  interferometer was followed by a photo- 
multiplier and  rf detector. With both a rms  of the 
interferometer open ,  a s t rong signal at the modula- 
tion frequency was observed with a 15-dB signal-to- 
noise ratio. If either a r m  of the interferometer was 
blocked, this signal completely disappeared. 
T h e  most interesting and  perhaps startling results 
of o u r  experiments were obtained by direct observa- 
tion of the laser mode amplitudes with a Spectra- 
Physics scanning interferometer. In  the absence of 
modulation, the laser modes appear  as in Fig. l a .  
As the  modulation depth  is increased, the central 
mode amplitude begins to fall, and  the first pair of 
sidebands increase. At still larger F s ,  the  second a n d  
third pair o f  sidebands achieve significant ampli- 
tudes, a n d  there  is a diffusion of power toward the 
wings of the  Doppler line. Examination shows the 
modes to have approximately Bessel function ampli- 
tudes, which a re  not determined by independent  
saturation of the  Doppler line, as might have been 
expected. Figures l a  through If a re  captioned in 
terms of both the depth  of the single-pass modula- 
tion 6, a n d  also in terms of the depth  of the fre- 
quency modulation on  the output  signal of the FM 
oscillator. This  latter modulation depth  is denoted 
by r, and from the  “varying frequency” viewpoint 
of frequency modulation, it is the ratio o f  the peak 
frequency deviation to the modulation frequency. 
T h e  ratio of r/6, that is, the  ratio by which the mod- 
ulation process is enhanced by the presence of the 
cavity a n d  active media, is - 40. Alternate measure- 
ments of r were made using the  Michelson inter- 
ferometer, a n d  similar results were obtained. O u r  
highest measured r was - 6, which at a modulation 
frequency of 100 Mc/sec corresponds to a peak-to- 
peak frequency swing of  1200 Mc/sec. 
T h e  process appears  to be a regenerative para- 
metric oscillation, with a resultant quenching o f  the  
original laser modes; as opposed t o  a phase locking 
process which has been considered by Hargrove a n d  
others,“ a n d  DiDomenico.4 FM lasers may make 
possible many spectroscopic and  communication 
:rpplications which otherwise would have required 
single-mode lasers, with their correspondingly lower 
power. 
71.0 o u r  knowledge, this type o f  FM laser was first 
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Fig. 1 Laser mode amplitudes versus optical frequency for 
variable modulation depth. 
(a) s = o  r = o  
(6) s=.045 r - z  
(c) s = .om r - 2.6 
( d )  s=.o69 r - 2.8 
c f )  s = .om r - 4.5 ( e )  6=.072 r - 3 
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proposed by Harris in October 1963 at Stanford 
University under Contract AF 33(657)-11144. The 
problem of phase perturbations in a passive reso- 
nant cavity has been considered analytically by 
Gordon and Rigden.5 The effect of phase pertur- 
bations in an active cavity has been studied by 
Y a r i ~ . ~ . ’  We greatly appreciate the encouragement 
and support provided by B. J. McMurtry of Sylvania. 
and A. E. Siegman of Stanford. We acknowledge 
the expert technical assistance of L. E. Wilson, and 
thank Spectra-Physics for lending us the scanning 
Fabry-Perot interferometer used in these experi- 
ments. 
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1938 from the Laser Technology laboratory of  the U.  S. Air 
Force at Wright-Pdtterson Air Force Base, Ohio. 
2S. E. Harris, A@/. Phy. Ialle~s 2, 47 (1963). 
3L. E. Hargrove, K.  I.. Fork. and M. A. Pollack, A@[. Phys. 
‘M. 1.  DiDomenico Jr.,]. AppI. P h y .  (to be published in Oct. 
I. (;ordon andJ.  D. Rigden. Bell Syslrm Tech.]. XLII, 1, I55 
Leften 5, 4 (1964). 
1964). 
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GENERATION OF SINGLE-FREQUENCY LIGHT 
USING THE FM LASER' 
I 
(internal phase perturhation; E) 
We report a techniqiic tor producing essentially 
single-freqiiency light f'roin the entire output of  a 
high-powi- miilt~-moclc~ I ~ I S ~ I - ,  without suffering the 
l o s s  of' power inhei-cnt in  coll\,cntional approaches 
in\-ol\.iiig the suppression of-modes. We make use of 
;I laser in  which ail intrac;ivit, phase perturbation 
has been utilized to create an ai-ray of laser modes 
hwing the phases ;ind amplitudes appropriate to 
the sidebands of a ti-eqllelic.\.-iiiodirated (FM) 
signal. Such ;I Iawr h;ls Ixwi dernc,nstrated by 
Harris and T:irg2 a i d  h;is beeii ;tnaly/cd by Harris 
and hIcDuff'.:' The o u t p i t  o f '  rhr F51 laser is then 
passed through an extci-rial phase modiilator driven 
180" out of phase anti with the sanic peak optical 
phase deviation as the output of the Fhl laser. 
\\hereas the output fl.oni the FXl 1asc.i- \vas  made up 
of' a large number of optical f'rccpc*ncies, the light 
leaving the external modulator is in i)riiiciple now a 
monochi-oniatic sigiiiil. 
The light output of. such a laser ( losely approxi- 
mates a n  FAT signal and can hc desc-i-ibed as: 
I' 
* 
E = E,, cos (WJ + I' s i n  w,,,! ) , 
where E,, is the peak amplitude of the optical field, 
Q,. is the center frequency of the optical output 
spectrum, w,,~ is the modulation frcqrrcncy, and r 
is the peak phase deviation of' the FMoscillation. If  
this Fhl signal is passed through a second phase 
modulator driven at the sanie frequency as the 
iiitcmial motiulator, the resulting optic ;II signal will 
I,(.: 
b," = E,, cos [q + r sin o,,,t + I" sin ( ~ , , , t  + e) ]  , 
\\ticre I" is the  maximum phase dcvi;ition and @ i s  
the phase of  the second modulator. I f .  I-' is made 
qi1a1 t o  r and 6 equals ( 2 n  + 1 ) ~  radians, where n 
is an integer, then E' becomes simply E,, cos W,t and 
the signal is monochromatic. I f  the relative phase 0 
is not properly set, then the signal may have FM 
tlwiations u p  to twice that of' the FM laser. 
. rhe results of' the prelirnin;il-y experiments are 
in  substantial agreement with this ;inalysis. 'The 
experimental system is shown sc-li(*riiatically in 
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Fig. 1 .  Block diagram of ''super-mode" laser, showing FM 
laser with external phase modulator. 
Fig. 1 .  The f'requ~nr).-modul;it~.tl I Ic-Nc. I;isc.r UYIS 
operated at 6928 A. The laser tx)ntained :i l i~ i2POi  
(KDP)  phase modulator in thc. c.:i\.ity as dcsc-i.ibctl 
by Harris and Targ. A s  in the first f;Xl exiwrinicnls. 
high-reflectivity mirrors were usetl. with thc result 
that substantially more light w i s  i-c*flected f'rom the 
Brewster angle windows than was traii4inittcd 
through thc laser mirrors. Both outputs ww FhI 
signals, but because of its greater amplitiitlc.. the 
Brcwster angle output was used in thesi. cxperi- 
nients. The frequency difference between ;rtli;it crit 
Fhl modes or "sidebands" was 104 Mc, ; ind the 
output power was 100 pW.  
The second, or external, modulator coirlaiiicd 8 
cni of KDP with the applied electric field aloiig the 
cr!-stal optic axis and at right angles t o  thc p i t h  of' 
the light. 'The crystal orientation was such th;it  the 
light was polarized parallel t o  one of the iiicliiced 
elcctro-optic axes; thus pure phase niodul;rtion was 
prcitlriced. Mirrors were used to reflect the light 
thi-oiigh the modulator threc times. l'lie phase 
shil't o f  the modulation during trarisit in this clc\.ice 
Figure 2 shows the spectral c.oritcnt ol' tlic. opticd 
signals ;IS photographed froin osc-illosc.oi)c I ril(.es 
ni;iclc with ;I sr-anning Fabry-l'erot iiiterfci oriwtcr. 
E'igirre L'cc shows the output of' the I;rscr. flee 
running in several frequenc) modes, with I ~ t h  
niodulators turned off. Figure L'h shows the. output 
with the internal phase modulator cnergiic.<l: I his 
iipprosimatelp 1 radian. 
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output  closely approximates a frequency-modulated 
wave with r about 2. Figure 2c shows the output  
obtained with both modulators turned on,  and  with 
the relative phases and  deviations adjusted as de- 
scribed above. Within the limits of error  imposed by 
the 1 00-Mc resolution of the scanning interferom- 
eter, the energy of all the original modes had been 
converted to a single frequency or “super-mode.” 
This condition was found to be stable with time, with 
only slight amplitude changes occurring in the 
output.  T h e  power input to the external modulator 
was approximately 30 W dur ing  the 1 -msec interval 
of the Fabry-Perot scan. 
T h e  internal phase modulator converts the free- 
running laser from a n  ensemble of . independent 
modes with random phases into an ensemble of 
coherent FM sidebands. This coherence is essential, 
if the light output  is to be subsequently demodu- 
lated by the external phase modulator. If light from 
the free-running laser is passed through the exter- 
nal modulator, the result is as shown in Fig. 2d. 
This is neither a monochromatic signal nor purely 
frequency-modulated light, since temporal coher- 
ence was not established among the various laser 
modes. Pulsed excitation of the external modulator 
was used in this demonstration to avoid heating the 
KDP crystal. A variety of methods a re  at hand  to 
permit operation on  a cw basis. These  include: use 
of more electro-optic material in the modulator, 
refinement of the multiple-pass technique, or the 
availability of a superior electro-optic material. It 
should be noted here that the single-frequency 
“super-mode” technique is by no  means limited to 
gas lasers a n d  may, in fact, find particular utility 
in high-gain solid-state lasers having great numbers 
of axial modes. 
We thank Spectra-Physics Inc. for the use of the 
scanning Fabry-Perot interferometer. 
Fig. 2. Spectral composition of I w r  output, showing rela- 
tive amplitudes. (a) Multi-mode laser free running. ( b )  FM 
laser with r = 2. (c) Output with both modulators turned on. 
(d) Output of the external modulator, r’ = 2, with free-running 
laser input (no internal FM). 
‘This work was partially supported by Contract AF 33(615)- 
I938 from the Laser Technology Laboratory of the U.S. Air 
Force at  Wright-Patterson Air Force Base, Ohio. 
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